UAB

Universitat Autonoma de Barcelona

THE ROLE OF SPINAL CORD RESERVE IN
MULTIPLE SCLEROSIS

Neus Mongay Ochoa

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’us
establertes per la seglent llicencia Creative Commons: @ ®®®)| https://creativecommons.org/licenses/?lang=ca

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacién de las condiciones de

uso establecidas por la siguiente licencia Creative Commons: @@@@ https://creativecommons.org/licenses/?

lang=es

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UAB

Universitat Autonoma
de Barcelona

Doctoral Program in Medicine

Department of Medicine

Doctoral Thesis

THE ROLE OF SPINAL CORD RESERVE IN
MULTIPLE SCLEROSIS

Author
Neus Mongay Ochoa

Supervisors
Deborah Pareto Onghena

Jaume Sastre Garriga

Tutor

Xavier Montalban Gairin

Barcelona, 2024

Cemcat(O v Yihren | et

Centre d'Esclerosi Mltiple de Catalunya



The role of Spinal Cord Reserve
in Multiple Sclerosis






AGRAIMENTS

Em dono la llicencia d‘aprofitar aquest petit espai per ser subjectiva i no esta regida pels
principis del metode cientific, aixi com per confessar, si se’m permet, que potser es una de les

parts de la tesi que més m’ha agradat escriure.

No tinc enregistrat en el meu hipocamp quan vaig decidir que volia ser metgessa, potser era
quelcom que ja sabia i prou. Pero si recordo el moment en el que la Neurologia va activar tot el
meu sistema limbic, generant una resposta unilateral: a segon de carrera, durant la classe del
Professor Jose Luis Fernandez sobre la fisiopatologia de la migranya. Jo, migranyosa des de la
infancia (a I’igual que un percentatge gens menyspreable dins dels companys de 1°especialitat),
em vaig quedar fascinada amb 1’activacid del sistema trigémin-vascular que explicava el meu
dolor. | el entendre el perqué, o si mes no, el com, em va alleugerar. Aixi doncs, asseguda en

el Ministerio de Educacion per triar plaga, en la meva llista nomes hi havia escrit Neurologia.

Ara, uns quants anys i aventures despres, sento que el haver pogut desenvolupar aquesta tesi
doctoral és un somni complit, aixi que tinc la necessitat de fer una mencié especial a les

persones que ho han fet possible.

A Xavier Montalban i Mar Tintoré per obrir-me les portes del Centre d’esclerosi multiple de
Catalunya, i donar-me 1’oportunitat d’aprendre i formar part de I’equip qui hi ha enrere del nom

Cemcat.

A Jaume Sastre-Garriga, per haver confiat en mi des del principi, per introduir-me en el mon
de la Neuroimmunologia, tant en la seva vessant clinica com en la recerca, per ajudar-me a

agafar embranzida, i enlairar-me.

A Deborah Pareto, la qual s’ha convertit en un referent per mi en tots els sentits; perque ella ho

sap, sense necessitat de dir-ho.

Als meus mentors durant la residencia a 1’Hospital de Bellvitge, per haver-me guiat en les

primeres fases de 1’aprenentatge i ajudat a convertir-me en la neurdloga que soc avui.

No puc deixar de mencionar a tot el personal que treballa en la Ressonancia, als Técnics, a les
Administratives, a les Infermeres, totes elles persones amb funcions indispensables dins del

camp de la Medicina en general, i la Neurologia en particular.



A Cecl, Ares, Clara, Vicky, Claudia, Nathane, Raquel, Ana, Silvia, Valentina, Marion, Belen,
Leo, i totes les dones que amb la seva fortalesa i independéncia m’acompanyen en el meu cami,
trencant el sostre de vidre, donant-me el suport emocional continuo que requereix la situacio.
Evitant qualsevol tipus de biaix, i no menys important per aixo, aqui també hi son 1’ Albert,
Sergio, Edu, Pablo, Guille, Fer, Abel, Josep.

A la meva mare, al meu pare, al meu padri, a la meva padrina, a Joan, a Jacint; sempre.

I com no, als pacients, evitant explicitament la paraula “nostres” pacients, perqué som nosaltres

qui som, el SEUS metges.






Al
BPF
CCaA
CIS
CMSC
CNS
CSA
CSF
Cv
DIR
DIS

DIT
DTI
DMT
DSC
DWI
EDSS
FA
FLAIR
FOV
GT
GM
HC
ICC

IQR

ABBREVIATIONS

Artificial intelligence
Brain parenchyma fraction
Cervical Canal Area
Clinical Isolated syndrome
Consortium of Multiple
Sclerosis Centres

Central nervous system
Cross-sectional area
Cerebrospinal fluid
Coefficient of variation

Double-inversion recovery

Dissemination in space

Dissemination in time
Diffusion tensor imaging
Disease-modifying therapy
Dice similarity coefficient
Diffusion-weighted image
Expanded Disability Status
Scale

Flip angle

Fluid attenuated inversion
recovery

Field of view

Ground truth

Grey matter

Healthy control

Intraclass correlation

coefficient
Interquartile range

JIM

LoA
MAGNIMS
MP-RAGE
MRI

MS

MSFC
NAIMS
Neuro-QoL
PASAT
PIRA

PDDS
PPMS
PRL
PROMs
PST
pwMS
RRMS
SEL
SIENA
SCPF
SCT
SD
SDMT

SPM

Jacobian integration method
Limit of agreement

Magnetic Resonance Imaging in
Multiple Sclerosis
Magnetization prepared — rapid
gradient echo

Magnetic Resonance Imaging

Multiple Sclerosis

Multiple sclerosis functional
composite

North American Imaging in
Multiple Sclerosis Cooperative
Quality of life in neurological
disorders

Paced auditory serial addition
test

Progression independent of
relapse activity

Patient-determined disease steps
Primary progressive multiple
sclerosis

Paramagnetic rim lesion
Patient-reported outcomes
measurements

Processing speed test

People with multiple sclerosis
Relapsing-remitting multiple
sclerosis

Slowly expanding lesion
Structural image evaluation
using normalization of atrophy
Spinal cord parenchyma fraction
Spinal cord Toolbox

Standard deviation

Symbol digit modality test

Statistical parametric mapping



SPMS

STIR
TIV
TE
TR

TiWI

Secondary progressive
multiple sclerosis

Short tau inversion recovery
Total intracranial volume
Echo time

Repetition time

T1-weighted image

T2WI

T25FW
WM
2D

3D

9-HPT

T2-weighted image
Timed 25-foot walk
White matter
Two-dimension
Three-dimension

9-hole peg test



Index: Figures

Figure 1. Schematic representation of the risk factors related to susceptibility for developing multiple
sclerosis and the subsequent disability progression associated with the disease.........c.ccecveevevevverrennen. 17

Figure 2. Spinal cord and Spinal CaNal............coeoueiririiinireeeeeee e 30

Figure 3. Spinal cord and spinal canal visualization with a sagittal brain 3D T1WI (A) and cervical

cord 3DTIWI (B) IN the SAME SUDJECT......c.evuiriiieieieieieete e 31
Figure 4. Conceptualization of the holistic concept of Central Nervous System (CNS) reserve......... 37
Figure 5. Graphical representation of the proposed pipeline to estimate the cervical canal................. 47

Figure 6. Cervical canal area mask obtained with the proposed pipeline (green) versus the manual
segmentation (red) in a patient with multiple SCIEr0SIS.. ......cocvvvreeririeereeee e 57

Figure 7. Representation of individual and average ICC............cocoiviniiniiineiincincneceee 58

Figure 8. Bland & Altman plots showing the agreement between CCaA estimations assessed in
AITFErent NUMDET OF SIICES....cv it 59

Figure 9. Violin plots with the distribution of the cervical canal area (CCaA) assessed at C2/C3 and
C3/C4 intervertebral disc levels according to the different phenotypes. ........ccocovvvevierieceeveneeceseens 62

Figure 10. Exemplary case: Cervical canal area segmentation at C2/C3 and C3/C4 intervertebral disc
levels derived from the MRI sequences employed for the analysis. .......c.cceceeverieceenineece e 64

Figure 11. Spearman correlations with the 95% confidence interval between cervical canal area
(CCaA) assessed in different MRI sequences and EDSS scores at C3/C4 intervertebral disc level. .... 66

Figure 12. Exemplary case. Qualitative differences in CCaA segmentation at C2/C3 intervertebral
disC level and at C3/C4 EVEL ..ot 71

Figure 13. Mean cross-sectional area and sagittal profile of the spinal canal from C2 to C5 in cervical
cord 2D T2WI, STIR, and brain 3D TLIWIL ..ottt 74



Index: Tables

Table 1. Standardised brain, spinal cord and optic nerve MRI protocols in the diagnosis and

MONItoring Of MUILIPIE SCIEIOSIS. ....cvveiiieceeeeceee ettt et e 21
Table 2. Distribution of phenotypes across the participating CENtres. .........ocvveverereneeeeeeienereneneens 51
Table 3. Acquisition parameters for the different MRI SEQUENCES. .......eecvereieieriereeereeee e 52
Table 4. Demographical, clinical and radiological charaCteristiCs. ..........covveeerereesiererere e 56

Table 5. Final cohorts at C2/C3 and C3/C4 intervertebral disc levels, as well as the excluded HC and

Table 6. Multivariate regression models to investigate the association between EDSS and Cervical
Canal Area (CCaA) at baseline, measured at C2/C3 and C3/C4 intervertebral disc levels .................. 63

Table 7. Absolute and consistency intraclass correlation coefficients (ICC) and their confidence
interval (95% CI) to assess the equivalence between different MRI sequences at the two intervertebral
diSC 1eVEIS (C2/C3 AN C3/CA) ...ttt sttt 65

Table 8. Demographical, clinical and cervical canal measures using different MRI sequences at C2/C3
and C3/C4 intervertebral diSC IBVEIS.........cvviiiiireeee et 66



INDEX

ABSTRACT 10
RESUM 12
1. INTRODUCTION 15
1.1 Multiple sclerosis at a glance 16
1.2 Magnetic resonance imaging: the tool of choice in MS 19
1.3 Clinical approaches to measure progression 22
1.4 Radiological hints to detect progression: an Up-To-Date overview 24
1.4.1 Brain atrophy: methodological aspects and clinical relevance 26

1.4.2 Spinal cord atrophy: methodological aspects and clinical relevance 29

1.5 The concept of “Reserve” in MS 34
2. THESIS JUSTIFICATION 39
3. HYPOTHESES 41
4. OBJECTIVES 43
5. METHODS 45
5.1 Pipeline validation 46
5.2 Assessment of the spinal cord reserve in a multicentric cohort 49
5.3 Estimation of the cervical canal area in additional MRI sequences 52

6. RESULTS 55
6.1 Pipeline validation 56
6.2 Assessment of the spinal cord reserve in a multicentric cohort 60
6.2.1 CCaA at C2/C3 intervertebral disc level 60

6.2.2 CCaA at C3/C4 intervertebral disc level 62

6.3 Estimation of the CCaA in additional MRI sequences 63

7. DISCUSSION 67
8. CONCLUSIONS 77
9. FUTURE LINES OF RESEARCH 79
10. BIBLIOGRAPHY: 83
11. ANNEX 95
11.1 Publication 96
11.2 Oral communication 102
11.3 Funding and scholarships 104






ABSTRACT

The present thesis addresses the methodological and clinical aspects of spinal cord reserve.

Background: The concept of brain reserve, represented by total intracranial volume (TI1V),
reflects maximal lifetime brain growth and serves as a proxy for neuronal or synaptic count. In
multiple sclerosis (MS), a larger brain reserve, indicated by a greater TIV, is associated with a
higher capacity to endure significant disease burden without cognitive decline. Recently, it has
been postulated that a greater spinal cord reserve, assessed by the cervical canal area (CCaA),
would also be protective against physical disability in MS.

Objectives: We aimed (i) to validate an analysis pipeline based on the Spinal Cord Toolbox
(SCT) to obtain reproducible CCaA measures from brain and cervical cord sagittal magnetic
resonance imaging (MRI) 3D T1-weighted images (T1WI), (ii) to apply the pipeline on a
multicentre cohort of well-characterized people with MS (pwMS) and healthy controls (HC) to
examine CCaA differences among groups and MS phenotypes, and explore its potential
association with disability progression, and (iii) to evaluated the performance of our pipeline in
estimating CCaA using alternative most commonly used MRI sequences in clinical practice.

Materials and Methods: Each objective was developed as a distinct project with its own cohort
and methodology. For the first objective, 8 HC and 18 pwMS underwent baseline and follow-
up brain and cervical cord sagittal 3D T1WI. CCaA measures obtained with the proposed
pipeline were compared with manual segmentations using the Dice similarity coefficient
(DSC). CCaA estimations from brain and cervical cord MRIs were also compared using the
intraclass correlation coefficient (ICC). For the second objective, clinical and MRI data were
collected at nine European MAGNIMS sites including 177 HC, 289 relapsing MS, and 139
progressive MS. CCaA was estimated at C2/C3 and C3/C4 levels. We compared the mean
CCaA differences between groups, the association between Expanded Disability Status Scale
(EDSS) and CCaA at baseline, and the relationship between CCaA and disability progression
at 5-year follow-up, using multivariable regression models adjusted by age, sex, spinal cord
parenchymal fraction, and cervical cord lesions. For the third objective, our pipeline was
adapted to suit additional MRI sequences. The cohort included 52 pwMS who underwent
sagittal brain 3D T1WI, and cervical cord sagittal 2D T1WI, 2D T2W!I, and 2D short-tau
inversion recovery (STIR) images. Semi-automated CCaA estimations were performed from

reconstructed axial images at the C2/C3 and C3/C4 levels, and then compared to manual CCaA
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masks using the DSC. The equivalence of CCaA estimations across sequences was assessed
using the ICC.

Results: In the first study, the agreement between semi-automated and manual CCaA masks
was excellent, with a mean DSC (range)=0.90 (0.73-0.97). CCaA estimations obtained from
brain and cervical MRIs also showed a high agreement (ICC = 0.77; 95% CI, 0.45-0.90). In the
second study, no significant differences in CCaA between HC and relapsing MS were observed,
whereas progressive MS showed significantly lower CCaA, both at C2/C3 (HC: 214.62mm?
[SD 8.42] vs. relapsing MS: 213.68mm? [SD 9.02] vs. progressive MS: 210.51mm? [SD 10.35],
p=0.007) and C3/C4 levels (169.67mm? [SD 6.50] vs. 169.44mm? [SD 6.94] vs. 165.16mm?
[SD 7.39], p<0.001). At C3/C4 level, CCaA and baseline EDSS were significantly associated
(B—0.13, p<0.001); besides pwMS with clinical worsening at 5-year follow-up displayed a
smaller CCaA at baseline (worsened vs. stable: 167.03 mm? [SD 7.53] vs. 169.13mm? [SD
7.13], p=0.03). Regarding the third study, CCaA estimation was not feasible on 2D T1WI.
High agreement was found between semi-automated and manual CCaA masks derived from
T2WI (DC range = 0.92 [0.89-0.93]) and STIR (DC range = 0.90 [0.88-0.92]). The equivalence
of CCaA across sequences was higher at C3/C4 than at C2/C3: ICC T2WI — brain 3D T1WI
was 0.67 (0.38-0.82) and 0.63 (0.26-0.82), while ICC STIR — brain 3DT1W!I was 0.80 (0.64-
0.89) and 0.52 (0.22-0.70), respectively. At C3/C4, T2WI CCaA and EDSS were significantly
correlated (rho -0.34, p 0.023).

Conclusions: Our proposed pipeline provide reproducible CCaA measures from brain and
cervical cord 3D T1WI MRI. With this methodology, we demonstrated that CCaA is associated
with baseline EDSS and clinical worsening in a multicentric MS cohort, supporting the
existence of spinal cord reserve. Moreover, progressive patients displayed a smaller CCaA,
which could imply that a lower spinal cord reserve might be a feature of progressive MS.
Finally, CCaA segmentation was also feasible on 2D sagittal T2WI and STIR, showing a good

equivalence with estimations obtained from brain 3D T1WI.
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RESUM

La present tesi aborda els aspectes metodologics i clinics de la reserva medul-lar espinal.

Antecedents: El concepte de reserva cerebral, representat pel volum intracranial total (VIT),
reflecteix el creixement maxim del cervell al llarg de la vida i serveix com a indicador del
nombre de neurones o sinapsis. En I'esclerosi multiple (EM), una reserva cerebral més gran,
indicada per un VIT més gran, s'associa amb una major capacitat per suportar una carrega
significativa de la malaltia sense declivi cognitiu. Recentment, s'ha postulat que una reserva
més gran de la medul-la espinal, avaluada per I'area del canal cervical (CCaA), també seria

protectora contra la discapacitat fisica en I'EM.

Objectius: Ens vam proposar (i) validar una eina d'analisi basat en el software Spinal Cord
Toolbox (SCT) per obtenir mesures reproduibles de la CCaA a partir d'imatges de ressonancia
magnética (IRM) sagitals 3D ponderades en T1 (T1WI) del cervell i la medul-la cervical, (ii)
aplicar I’eina a una cohort multicentrica ben caracteritzada de persones amb EM (paEM) i
controls sans (CS) per examinar les diferéncies de CCaA entre grups i fenotips d'EM, aixi com
explorar la seva possible associacido amb la progressio de la discapacitat, i (iii) avaluar el
rendiment de la nostra eina en l'estimacié de la CCaA emprant sequéncies d'IRM més

comunament utilitzades en la practica clinica.

Materials i metodes: Cada objectiu es va desenvolupar com un projecte diferenciat amb la
seva propia cohort i metodologia. Per al primer objectiu, 8 CS i 18 paEM es van realitzar una
IRM sagital 3D T1WI del cervell i la medul-la cervical en el moment basal i a I’any seguiment.
Les mesures de CCaA obtingudes amb la nostra eina es van comparar amb segmentacions
manuals utilitzant el coeficient de similitud de Dice (DSC). També es van comparar les
estimacions de CCaA a partir d'IRM del cervell i de la medul-la cervical utilitzant el coeficient
de correlaci6 intraclasse (ICC). Per al segon objectiu, es van recopilar dades cliniques i d'IRM
en nou llocs europeus del MAGNIMS, incloent-hi 177 CS, 289 EM recurrent (EMR) i 139 EM
progressiva (EMP). La CCaA es va estimar als nivells intervertebrals C2/C3 i C3/C4. Vam
comparar les diferéncies mitjanes de CCaA entre grups, l'associacié entre I'Escala Expandida
de Discapacitat (EDSS) i la CCaA en el moment basal, i la relacio entre la CCaA i la progressio
de la discapacitat en el seguiment de 5 anys, utilitzant models de regressié multivariable ajustats
per edat, sexe, fraccié parenquimal de la medul-la espinal i lesions de la medul-la cervical. Per

al tercer objectiu, vam adaptar la nostra eina per utilitzar seqiiéncies addicionals d'IRM. La
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cohort incloia 52 paEM que es van realitzar IRM sagitals 3D T1WI del cervell, i sagitals 2D
TiIWI, 2D T2WI, i 2D STIR de la medul-la cervical. Es van realitzar estimacions
semiautomatiques de la CCaA a partir d'imatges axials reconstruides als nivells C2/C3 i C3/C4,
i després es van comparar amb mascares manuals de CCaA utilitzant el DSC. L'equivaléncia

de les estimacions de CCaA a traveés de les sequéncies es va avaluar utilitzant I'ICC.

Resultats: En el primer estudi, I'acord entre les mascares semiautomatiques i manuals de CCaA
va ser excel-lent, amb una DSC mitjana (rang) de 0.90 (0.73-0.97). Les estimacions de CCaA
obtingudes a partir d'IRM del cervell i de la medul-la cervical també van mostrar un alt acord
(ICC = 0.77; IC del 95%, 0.45-0.90). En el segon estudi, no es van observar diferencies
significatives en la CCaA entre CS i EMR, mentre que ’EMP va mostrar una CCaA
significativament menor, tant als nivells C2/C3 (CS: 214.62mm? [DE 8.42] vs. EMR:
213.68mm? [DE 9.02] vs. EMP: 210.51mm? [DE 10.35], p=0.007) com C3/C4 (169.67mm?
[DE 6.50] vs. 169.44mm? [DE 6.94] vs. 165.16mm? [DE 7.39], p<0.001). Al nivell C3/C4, la
CCaA i I'EDSS basal estaven significativament associats (p—0.13, p<0.001); a més, els paEM
amb empitjorament clinic als 5 anys mostraven una CCaA menor en el moment basal
(empitjorats vs. estables: 167.03 mm? [DE 7.53] vs. 169.13mm? [DE 7.13], p=0.03). Pel que fa
al tercer estudi, I'estimaci6 de la CCaA no va ser factible en les IRM 2D T1WI. Es va trobar un
acord excel-lent entre les mascares semiautomatiques i manuals de CCaA derivades de T2WI
(rang de DC = 0.92 [0.89-0.93]) i STIR (rang de DC = 0.90 [0.88-0.92]). L'equivaléncia de
CCaA entre les seqguiencies va ser més altaa C3/C4 que a C2/C3: ICC T2WI —cervell 3D T1WI
va ser 0.67 (0.38-0.82) i 0.63 (0.26-0.82), mentre que ICC STIR — cervell 3D T1WI va ser 0.80
(0.64-0.89) i 0.52 (0.22-0.70), respectivament. Al nivell C3/C4, la CCaA T2WI i I'EDSS

estaven significativament correlacionats (rho -0.34, p 0.023).

Conclusions: La nostra eina proposada proporciona mesures reproduibles de la CCaA a partir
d'IRM 3D T1WI del cervell i de la medul-la cervical. Amb aquesta metodologia, vam demostrar
que la CCaA esta associada amb I'EDSS basal i I'empitjorament clinic en una cohort
multicentrica d'EM, donant suport a I'existéncia de la reserva de la medul-la espinal. A més, els
pacients progressius mostraven una CCaA menor, cosa que podria implicar que una reserva
menor de la medul-la espinal podria ser una caracteristica de I'EM progressiva. Finalment, la
segmentacio de la CCaA també va ser factible en 2D T2WI i STIR, mostrant una bona

equivaléncia amb les estimacions obtingudes de 3D T1W!I del cervell.
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1.Introduction

1.1 Multiple sclerosis at a glance

Multiple sclerosis (MS) is an immune-mediated, chronic and disabling neurological
disease, with a great social and economic impact, since it stands as the primary cause of non-
traumatic disability in young adults in Europe,! and its prevalence has increased across every

world region in the last decade.?

The ultimate underlying cause of the disease remains elusive. Genetic susceptibility to
MS only accounts for a fraction of the disease risk.® Notably, MS epidemiology suggests that
non-genetic factors, including high latitude, female sex, low vitamin D levels, smoking, and
childhood obesity are likely to play a major role in the disease development* (Figure 1).
Furthermore, recent studies have highlighted the importance of seroconversion following
Epstein-Barr virus infection, which appears to confer a 30-fold increase in the risk of
developing MS, establishing it as one of the most prominent contributing factors to the disease.®
Evidence of causality, however, remains inconclusive since the risk of MS in seronegative

individuals, though minimal, is not entirely absent.®

The prediction of individual outcome, particularly the onset and magnitude of disability
progression are not yet well-understood. Large natural history studies indicate that the presence
of bad prognostic factors does not directly lead to disability, but serves in guiding the
evolution.® Overall, poorer outcomes in MS are associated with a higher initial relapse rate, a
shorter interval to the second relapse, higher level of disability in the first 5 years, and the
involvement of more than 3 neural systems. In addition, the presence of oligoclonal bands, more
than ten lesions on the baseline brain magnetic resonance imaging (MRI), and the presence of
spinal cord lesions, as well as a persistent smoking habit, appear to predict a higher risk of
disability accumulation.”® Conversely, treatment initiation with a disease-modifying therapy
(DMT) is associated with a reduction in the risk of long-term disability in patients with a first
demyelinating event.® Recently, a variant allele (rs10191329 in the DY SF-ZNF638 locus) has
emerged as a predictor of MS severity.'° This variant is associated with a shortened median
time to require aid walking in homozygous carriers, and linked to an increased pathology in

both brainstem and cortical regions.

All of these findings shed light on the complex interplay between genes, environment, lifestyle,
and prognostic factors, reflecting the heterogeneous pathogenic mechanisms underlying the

development and evolution of MS (Figure 1).
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Figure 1. Schematic representation of the risk factors related to susceptibility for developing multiple
sclerosis and the subsequent disability progression associated with the disease. EBV, Epstein-Barr virus; MS,

multiple sclerosis; OCB, oligoclonal bands; Vit D, vitamin D. Created with BioRender.com

The characteristic pathological hallmark of MS is the presence of multiple perivenular
inflammatory lesions, leading to demyelinating plaques, particularly noticeable in the early
stages of the disease.!* Clinically, neuroinflammation is characterized by acute episodes of
neurological deficits, referred to as relapses.!? These relapses depend on both the eloquent
location and the extent of the new or enlarging acute inflammatory lesion(s) in the central
nervous system (CNS), which are accurately assessed by MRI. Inflammation, which leads to
oligodendrocyte damage and demyelination, is a predominantly T-cell mediated process,*®
although B-cells and innate immunity also play an important role.** Clinical deficits resulting
from acute inflammatory demyelination could be partially reversible through remyelination*? —
a highly variable process across individuals and MS stages — that aims to promote both axonal
survival and restoration of nerve conduction. Nevertheless, new myelin is less dense, contains
thinner sheaths with widened internodes, and is more energetically demanding, which confers
upon it an increased vulnerability compared to the healthy one.*® In addition to these structural
changes, the recovery of clinical symptoms could also be secondary to cortical plasticity,™
which consists of a reorganisation of the functional activation of cortical regions to maintain
clinical function. However, persistent demyelinating lesions are followed by axonal loss,
underpinning the hypothesis that a lack of myelin-derived trophic support and mitochondrial
dysfunction contribute to the degeneration of chronically demyelinated axons,® representing

the pathological substrate of irreversible neurological deficits.
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Simultaneously with all these processes, neurodegeneration (neuronal cell death, axonal
loss, astrocytic gliosis) begins beyond focal plague formation in both the grey matter (GM) and
white matter (WM).Y” This occurs at the early stages of the disease, leading to the accumulation
of damage to the microstructure and a loss of volume in the brain and spinal cord.!® In fact,
histopathological studies and advanced MRI sequences have revealed that in normal-appearing
WM there is diffuse myelin damage and axonal loss,'® whereas in normal-appearing GM there
is a loss of neural and synaptic density along with widespread demyelination.'® Consequently,
the progressive accumulation of disability in MS also occurs independently of relapse activity
early in the disease course — a concept known as PIRA (Progression Independent of Relapse
Activity)?® — where relapses take place on a background of subtle progression before
progression becomes dominant itself.?* Indeed, PIRA is reported to occur in roughly 10% of all
patients with a first demyelinating attack within the first 5 years of the disease,?* contributing
to at least 50% of all disability accrual events in typical relapsing-remitting MS (RRMS).? This
phenomenon has become increasingly noticeable since the introduction of highly effective anti-
inflammatory treatments and more aggressive immune reconstitution therapies, which achieve
an almost complete suppression of focal inflammatory activity. In this current scenario, people
with MS (pwMS) keep experiencing clinical deterioration despite being relapse-free and
exhibiting neither new nor enlarging lesions on MRI. These changes contribute to a progressive
clinical worsening that affects numerous spheres.?® Eventually, focal and diffuse damage in the
brain and spinal cord results in profound atrophy of the white and grey matter, leading to

irreversible neurological disability.®

As a summary, the traditional two-stage view — relapsing or progressive — of MS and its
division into the classical phenotypes (RRMS, secondary-progressive MS [SPMS], and primary
progressive MS [PPMS]), are still useful for establishing a definite diagnosis, monitoring the
evolution of the disease, identifying novel biomarkers, developing new drugs, evaluating social
impact, and translating information to patients and their relatives. However, as our knowledge
of pathological mechanisms broadens, it becomes more evident that this classification of the
disease is somewhat artificial—a mere simplification of the spectrum.}” Therefore, we are
facing a complex disease, highly variable across patients in terms of relapses,

neurodegeneration and treatment response, opening up a vast field for research.
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1.2 Magnetic resonance imaging: the tool of choice in MS

Histological analysis represents the gold standard technique for studying almost all
pathophysiological processes, including inflammation and neurodegeneration in MS.!
However, its inherent limitations are more than evident, as autopsy and biopsy samples of
pwMS are rare and biased towards either a chronic burnt-out end or fulminant acute early
stage.? In this context, the use of MRI has become a crucial element for in-vivo evaluation of
pathology, playing an essential role in every aspect of the MS management, including diagnosis,
monitoring disease progression, assessing treatment response, and research.?* The latest
published consensus protocol on MRI use for pwMS merges recommendations from the
Magnetic Resonance Imaging in Multiple Sclerosis study group (MAGNIMS), Consortium of
Multiple Sclerosis Centres (CMSC), and North American Imaging in Multiple Sclerosis
Cooperative (NAIMS),? also extending the recommendations to the use of MRI in special
populations and situations, such as patients with MS during childhood, pregnancy, and the
postpartum period, as well as addressing safety concerns about the repetitive administration of

intravenous gadolinium-based contrast agents.

The milestone in the diagnosis of MS involves demonstrating dissemination of lesions
both in space (DIS) and time (DIT) in patients with a clinically isolated syndrome (CIS).2® From
the Barkhof-Tintore criteria,?”?® where fulfilling DIS required the presence of at least three out
of four MRI indicators (one gadolinium-enhancing lesion or nine T2-weighted images (T2WI)
hyperintense lesions if there is no gadolinium-enhancing lesion, at least three periventricular
lesions, at least one juxtacortical lesion, and/or at least one infratentorial lesion), to the latest
revised version of McDonal criteria in 2017,%° the role of MRI has become pivotal.
Furthermore, since the 2010 McDonald criteria,*° it has been possible to demonstrate DIS and
DIT at a single scan if there are more than one T2W!1 lesions in at least two of four areas of the
locations considered characteristic for MS (juxtacortical, periventricular, infratentorial, spinal
cord) and a simultaneous presence of asymptomatic gadolinium-enhancing and non-enhancing

lesions, establishing an earlier diagnosis.

The diagnostic value of spinal cord MRI in MS has been clearly established, and it plays an
essential role in the 2017 McDonald criteria.?® The relatively high presence of spinal cord
lesions in patients with CIS, even in the absence of spinal cord symptoms, and the lower
prevalence of such lesions in people with other neurological diseases or during healthy aging
compared to those with MS or CIS, underscores the importance of spinal cord MRI. It serves
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both to demonstrate DIS and DIT, and to rule out alternative diagnoses, including vascular
diseases, spinal cord compression, and inflammatory disorders.?® The most affected segment in
MS is the cervical cord, although demyelinating lesions have also been reported in thoracic
spinal segments and the conus.! Conversely, few patients exhibit lesions that are exclusively
located below the level of the fifth thoracic vertebra.3! Therefore, scanning the upper half of the
spinal cord (from C1 to T5) seems reasonable when there is no clinical suspicion of lower cord
segment involvement, enabling shorter acquisition times compared to the entire spinal cord

scan.®

Optic nerve MRI in pwMS with optic neuritis can detect T2WI hyperintense and gadolinium-
enhancing lesions.?® Additionally, asymptomatic demyelinating lesions in the optic nerve have
been detected in CIS and MS patients without a personal history of optic neuritis.3? The optic
nerve is presently not considered one of the areas of the CNS used to demonstrate DIS within
the 2017 McDonald criteria for the diagnosis of MS, but this may not be the case anymore in
the forthcoming iteration of the MS diagnostic criteria,? as recent studies suggest that including
optic nerve involvement as the fifth topography to demonstrate DIS in subjects improves the
overall performance of MS diagnostic criteria.3?33

MRI is also the key tool to monitor the disease activity, treatment response and safety
of disease-modifying therapies (DMT). Specific brain and spinal cord standardized protocols
are described to these purposes.?® Radiological activity, in the clinical setting, is primarily
defined by the presence of gadolinium-enhanced T1-weighted images (T1WI) or new/enlarging
T2WI lesions. Before starting or switching a DMT, a baseline brain MRI should be obtained.
Then, a 3-6-months rebaseline MRI should be performed to avoid misinterpretation of lesions
that developed prior to the onset of the therapeutic effect. From that timepoint, a yearly brain
MRI while the patient is on the DMT is recommended to monitor the response and facilitate an
early detection of patients at high risk of a suboptimal response to allow a prompt treatment
switch or escalation. Another relevant use is to rule out or early diagnose potential neurological
adverse events related to DMT. The main concern is the progressive multifocal
leukoencephalopathy, an opportunistic infection that occurs nearly exclusively in
immunocompromised individuals, thus making pwMS taking DMT a particularly at-risk

group.3

Spinal cord MRI for assessing treatment efficacy and monitoring disease activity is not
recommended on a regular basis, but is advised for special clinical conditions. This includes

the detection of active spinal cord lesions secondary to a relapse, the exclusion of possible
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comorbidity involving the spine or spinal cord, and when pwMS experience disability
worsening that cannot be explained by brain MRI1.2° Similarly, follow-up optic nerve MRI is
only recommended in pwMS who have either new or chronic progressive visual symptoms, and

in those with repeated isolated optic nerve relapses.? (Table 1)

DIAGNOSIS

Recommended Optional
-Axial T2WI -High resolution T1IWI
-3D Sagittal T2 FLAIR -DWI
Brain -Axial T2WI FLAIR -SWI (central vein sign)
-Axial or 3D sagittal TAWI post -DIR (cortical or juxtacortical lesions)

gadolinium injection

-Sagittal 3D T1WI (PSIR or MP-
] RAGE only for the cervical segment
-At least two of them: sagittal T2WI,

. -Axial T2WI
. PD weighted, or STIR ) o
Spinal Cord ) o -Sagittal TIWI before gadolinium
-Sagittal TIWI post gadolinium o
L injection
injection . .
-Axial TIWI after gadolinium

injection

-Axial and coronal fat-suppressed
T2WI of STIR of optic nerve (2D or
Not recommended on a regular basis 3D)

Optic nerve ) )
(see main text) -Axial and coronal fat-suppressed
T1WI post gadolinium injection (2D
or 3D)
MONITORING
Recommended Optional
. -Axial or 3D sagittal TIWI after
-Axial T2WI o
. . Gadolinium injection
Brain -Sagittal T2 FLAIR IR
-Axial T2 FLAIR . .
- High resolution T1IWI
Not recommended on a regular basis
Spinal Cord (see main text)
: Not recommended on a regular basis
Optic nerve .
(see main text)

Table 1. Standardised brain, spinal cord and optic nerve MRI protocols in the diagnosis and monitoring of multiple
sclerosis. DIR, double inversion recovery, DWI, diffusion-weighted image; FLAIR, fluid-attenuated inversion
recovery; MRI, magnetic resonance imaging; PSIR, phase-sensitivity inversion; STIR, short tau inversion
recovery; SWI, susceptibility weighted imaging; TIWI, T1-weighted imaging; T2WI, T1-RT, T1-relaxation time;

T2-weighted imaging; 2D, two-dimension; 3D, three-dimension
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The term 'conventional MRI' encompasses sequences used in clinical practice to
describe pathology by relying on contrast changes in the acquired images.'® These images,
predominantly T1IWI and T2WI, reflect a biophysical contrast mechanism. When using
conventional MRI in the MS clinic, it is generally possible to identify: (i) the number, volume,
and location of focal T2WI hyperintense lesions; (ii) the number, volume, and location of
contrast-enhancing T1WI lesions; (iii) the number, volume, and location of T1-hypointense
lesions (also called black holes); and (iv) the presence of global/regional atrophy (a qualitative
assessment without a quantification of volume loss).>® However, sensitivity to these
characteristics can vary based on several technical factors.®® In contrast, conventional MRI is
largely insensitive to the heterogeneity of focal MS lesions and to the pathology affecting CNS
tissue beyond demyelinating lesions, such as normal-appearing GM and WM, or different CNS
tissue compartments, such as myelin, axons, and glia.®” Actually, there are no MRI biomarkers
that distinguish PPMS from RRMS, nor reliably predict the evolution of RRMS to SPMS.

In this context, there is an expanding research community engaged in the field of MS using
advanced MRI sequences in combination with novel computational algorithms and artificial
intelligence to explore innovative approaches for understanding the disease. Advanced imaging
techniques, which can be defined as imaging modalities that are not yet implemented in daily
routine practice,!” provide an opportunity to assess the microscopic features of brain and spinal
cord in pwMS. These techniques could be used to better understand the underlying mechanism
behind neuroinflammation and neurodegeneration, facilitating the development of highly

effective anti-inflammatory, neuroprotective, and reparative therapies.

1.3 Clinical approaches to measure progression

Clinically, the identification of progression in MS is retrospective,® relying on a history
of gradual worsening of disability observed over months or years (>6/12 months for RRMS,
>12 months for PPMS patients). Currently, there are no universally accepted criteria, and the
classification of a patient into a progressive form is often delayed by months or even years,*
which may hinder a prompt switch to a more suitable DMT. In fact, it has been seen that up to
two-thirds of patients with insidious worsening of disability are still considered by clinicians to
have RRMS.%
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The Expanded Disability Status Scale (EDSS) score is the most widely used instrument in
clinical practice and clinical trials to measure MS-related disability.*! Score increases in EDSS
help to identify disability progression, and must be confirmed after 3-6 months to distinguish
true progression from reversible disability associated with a relapse or assessment errors.
However, the EDSS has limitations including reliance on ambulation functions above 4.0,
limited sensitivity to progression at extreme scores, the lack of accuracy when evaluating non-
physical symptoms of MS such as cognitive impairment, fatigue or depression, and a certain
degree of inter-evaluator variability within the neurological examination.*>* In a recent study,
the best combined criteria for defining SPMS were: an increase of one EDSS point when EDSS
is <5.5 or 0.5 when EDSS is >6 in the absence of relapses, a minimum EDSS score of 4.0 and
pyramidal functional system score of 2, and confirmed progression over >3 months, including

confirmation within the leading functional system.**

Other clinical tests have been designed to measure disability progression. The Multiple
Sclerosis Functional Composite (MSFC) score comprises quantitative measures of leg
function/ambulation (Timed 25-Foot Walk [T25FW]), arm/hand function (9-hole Peg test [9-
HPT]), and cognition (Paced Auditory Serial Addition Test [PASAT]),* providing a more
comprehensive neurological assessment. Subsequently, a visual pathway test (low contrast
letter acuity) was also included, and PASAT was replaced by Symbol Digit Modalities Test
(SDMT).* Although the MSFC may be influenced by learning effects and the methods to
calculate z-scores, a recent meta-analysis demonstrated that MSFC change can be a sensitive
and effective tool to assess the clinical severity and progression of MS disease.*’” Nowadays,

MSFC is almost exclusively used in clinical trials and other research contexts.*!

The isolated used of EDSS score and disease duration could result in misclassifying patients
with low physical impact but a substantial burden of invisible symptoms as having ‘benign’
MS. A possible approach is to include in the examination patient-reported outcomes
measurements (PROMs),*® a complementary measure to the EDSS, which assess health-related
quality of life, including symptoms, cognitive status, and social aspects, offering a more
accurate picture of the patient's functional status.*® PROMs are increasingly used as secondary
or tertiary outcomes in MS clinical trials of DMTs and symptomatic treatments, and to measure
disease progression, whereas in rehabilitation trials are used as primary or coprimary

outcomes.>®

Recently, innovative wearable digital devices (i.e., accelerometers, gyroscopes, GPS

tracking devices, etc), but also smartphones applications and biosensors, which are able to
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measure different functions and activities, are being developed to assess the effects of disability
progression on patients’ daily lives,>’. These digital devices are under intense investigation, and

their first results seem promising.>2°3

1.4 Radiological hints to detect progression: an Up-To-Date
overview

From the radiological perspective, the identification of progression in MS is also
retrospective. Therefore, there is an increasing need to find reliable biomarkers for the early

identification of MS progression and, more challenging, to predict its evolution.

The first studies aimed at predicting disease progression primarily focused on the
formation and evolution of chronic or persistent TIWI hypointense lesions — commonly known
as black holes — which do not enhance after gadolinium-contrast injection.> They represent
areas of focal axonal damage and irreversible tissue destruction. Black holes are more
frequently observed in patients with longer disease durations and progressive phenotypes.® The
relationship between black holes and disability has been established in several studies,>*
showing a correlation between the increase in EDSS score within the follow-up and black hole
volume at baseline. Besides, the evolution of newly formed lesions into persistent black holes
is currently under investigation as a possible measure of neuroprotection in several treatment

trials.>’

The role of T2W1 visible lesions has also been assessed in terms of disability prediction.
Notably, it was demonstrated that the number of T2WI hyperintense WM lesions at MS onset,
and the increase in lesion load within the first years, appear to predict the risk of long-term
disability worsening. In fact, progressive MS has been shown to exhibit a higher lesion load
that RRMS.>® However, the clinic-radiological paradox, i.e., the weak relationship between
radiological findings and clinical outcomes, remains an unresolved issue in MS.>® One
hypothesis posits that lesion location, in addition to lesion load, plays a key role in explaining
disability. In particular, progressive MS phenotypes are most often characterized by a
worsening pyramidal syndrome of the lower limbs and, to a lesser extent, the upper limbs,%°
suggesting corticospinal tract involvement. Studies consistently show that the highest lesion
frequency occurs in the corona radiata and between the C2 and C4 vertebral levels, a patterns

observed across all MS phenotypes.>® Other studies demonstrated that in CIS suggestive of MS,
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lesion topography at disease onset, particularly in infratentorial regions (mainly the
brainstem),®! and spinal cord,® also seems to predict disability progression. Additionally, the
presence of gadolinium-enhanced lesions at the baseline MRI and new spinal cord lesions over

time are independently associated with SPMS at 15-year follow-up.®?

Chronically active slowly expanding lesions (SELSs) are a subtype of focal WM lesions
with a hypocellular core that progressively increase in size and hypointensity on T1WI,5%
leading to a smouldering, slow radial expansion, further myelin damage, axonal loss, and
gliosis.®® They can be identified in volumetric TIWI and T2WI MRI.%* SELs rarely show
gadolinium enhancement, and are likely to become persistent black holes. Overall, they
represent 30% to 50% of the lesion burden in pathohistological studies,® and are more frequent
in PPMS compared to RRMS.% In both SPMS and PPMS patients, a higher definite SEL
volume was associated with increasing disability progression assessed by EDSS scores,%¢
suggesting that these lesions could be in vivo predictors of axonal loss observed in chronic

active lesions.58

Paramagnetic rim lesions (PRLsS) represent another subset of chronic active WM lesions
in MS.®® These lesions characteristically show a persistent active demyelination, with
destruction of oligodendrocytes and accumulation of residual and detrimental iron products
within activated microglia at the edge of the lesion, forming a distinctive rim.%° These features
can be detected in vivo using T2*WI,”® susceptibility-weighted imaging (SWI1),"* and
quantitative susceptibility mapping (QSM).”> The rim appears as hypointense, ring-like
structures that surround the WM lesion. Some PRLs have been observed to slowly expand over
time, more so than non-PRLs, although their shrinkage has also been documented.”
Interestingly, PRLs are specific to MS and are rarely seen in other inflammatory or infectious
neurological conditions.”® PRLs are estimated to occur in about 40% of pwMS,” and the

presence of > 2 of them has been associated with greater motor and cognitive disability.’

Cortical lesions are common in MS, even at early stages of the disease.”” Imaging
cortical lesions in vivo is technically challenging, so its application in clinical settings is still
limited.®® Their detection has been improved using novel MRI sequences such as double
inversion recovery (DIR), phase sensitive inversion recovery (PSIR), 3D magnetization-
prepared rapid acquisition with gradient echo (MP-RAGE) and ultra-high field (7 Tesla)
MRI.3878 Although only a small proportion of cortical lesions are detected compared to those
found in histopathological studies, this proportion is still clinically relevant.” In fact, they have

not been found in other neurologic conditions that can mimic MS, such as migraine or
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neuromyelitis optica spectrum disorders.”® Besides, the presence of a single cortical lesion can
identify with high specificity those CIS patients who will develop MS.”® Additionally, cortical
lesions positively better correlate with physical disability and cognitive impairment than WM

lesion burden.8°

Recent radiological studies using 3T8! and ultra-high field®> MRI have revealed that
within the cervical cord, WM lesions seem to be more frequent than GM lesions in RRMS. In
contrast, progressive MS phenotype displays a comparable absolute lesion volume in both GM
and WM compartments. Notably, GM lesions are particularly associated with more severe
disability and are correlated with higher EDSS scores,®* which highlights the significant impact

of GM damage on clinical outcomes in MS.

Neuronal and axonal damage, regardless of the aetiology or pathological mechanism,
results in what is known in histopathology as tissue atrophy.®” Nowadays, it is possible to
quantify the damage beyond the aforementioned lesions in the normal-appearing WM and GM
with advanced MRI sequences, but further studies are needed to integrate them into clinical
practice. Conversely, a widely accepted measure of tissue loss is the assessment of brain and
spinal cord volume changes over time,'® as it represents the net effect of all destructive
pathogenic processes.®’ Indeed, brain and spinal cord atrophy correlate more strongly with the
patient’s level of disability and cognitive decline than other measurements,® such as lesion

load, aiding in predicting disease progression.

1.4.1 Brain atrophy: methodological aspects and clinical relevance

Brain volume measurements have gained significant interest due to their reliable
association with disability and the development of a range of methods that are sensitive and

reproducible in measuring even small changes in tissue volume changes.®

The accuracy of MRI volume measurements is influenced by image resolution and
contrast. High-resolution 3D volumetric acquisitions, with a voxel dimension around
1x1x1mm, are preferred over 2D, to minimize partial volume errors and improve alignment or
re-slicing in serial studies. TIWI is the most commonly used sequence for whole-brain atrophy
measurements,®’ due to its clear contrast between brain tissues and cerebrospinal fluid (CSF).
Fluid-attenuated inversion recovery (FLAIR) sequence is also used since it creates a distinct
signal difference between cerebral and extra-cerebral matter.2* It is well-established that WM

lesions can impact regional atrophy calculations, since they may be misidentified as GM or
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CSF due to their reduced intensity in TIWI. Lesion filling techniques are often employed for
correction.® Other factors affecting brain volume measurements include the oedema associated
with lesion formation, which can lead to a transient elevation and then decrease of brain volume
on oedema resolution® (the latter being referred to as pseudoatrophy),® patient hydration
status, and the effect of corticosteroids or newly initiated DMTSs, which can cause a transient
decrease in whole-brain volume (a particular case of pseudoatrophy).8® Therefore, these

variables must be considered when analysing brain atrophy.

After MRI acquisition, there are different approaches to assess brain volumes. Initially,
atrophy measures relied on partial  indirect®” or global®® techniques unable to focus on specific
brain tissue types. The development of segmentation methods with predefined atlases®* has
enabled separate assessments of WM and volumes of cortical and deep GM structures
(thalamus, caudate nucleus, putamen, and hippocampus, among others).

Manual outlining is a straightforward method for assessing volume changes.® It
requires minimal specialized software and aligns well with the operator's perceptions,
particularly for small structures like the spinal cord or third ventricle.8* Conversely, this
approach demands an experienced observer, is prone to operator biases, exhibits lower precision
compared to other automated techniques, and entails longer analysis times.®* Despite these
drawbacks, manual outlining is often used as a benchmark for evaluating new segmentation

methods, due to the lack of a normative dataset and high intersubject brain volume variability.%

Semi-automated methods, which combine automated processes with some manual
intervention, improve speed and reproducibility.* However, there is a trend towards fully
automated image segmentation methods that integrate the assessment of lesion load and
atrophy,® providing good reproducibility and reduced reliance on time-consuming operator
input. Open-source tools such as FreeSurfer, FMRIB Software Library (FSL), Statistical
Parametric Mapping (SPM), and Structural Image Evaluation, Using Normalisation, of Atrophy
(SIENA),***2 aim to automate the analysis process, though some manual intervention for
quality control and parameter optimization may still be necessary. These tools are extensively
utilized in research for their flexibility and comprehensive feature sets. There are also
commercial platforms, like Brainlab,®® Philips IntelliSpace Portal ® and General Electric
Healthcare Advanced Workingstation Server,® which provide advanced visualization and
analysis capabilities, often tailored for clinical applications. More recently, the introduction of
Acrtificial Intelligence (Al) tools, such as machine learning and deep learning, present several

advantages over current analysis techniques.®® They can efficiently utilize various MRI
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contrasts and measures to explore tissue composition, structure, and function. Additionally, Al
algorithms can identify intricate patterns from large datasets, generalize from these patterns,
rank variable importance, and make predictions on new data.®® All of the mentioned tools enable
efficient and precise processing of MRI data, supporting a wide range of applications in
academic research. However, they are not yet incorporated into clinical practice due to their
complexity, integration challenges with existing clinical systems, and the need for specialized

training.

Taken together, a loss of 0.4% per year is suggested as a pathological brain atrophy
cutoff using SIENA.® This loss differs when using other methodologies, showing a range from
0.4% to 1.35% of yearly volume loss.%®” Besides, establishing a single cutoff is controversial,
as it assumes that the rate of brain volume loss remained constant over the disease course of
MS.8 Evidence indicates that whole-brain volume loss is faster within the first 5 years of the
disease compared to later stages.®® Interestingly, short-term changes brain volume changes
(even over just 1 year) are predictive of MS conversion in CIS patients,®® and disability
worsening in RRMS and PPMS.*® Clinically, whole brain atrophy consistently correlates with
cognitive dysfunction and mood disturbances in pwMS.1% Despite the lack of an absolute cutoff
for whole-brain volume loss, the quantification of the atrophy provides insightful results for

understanding disease progression.

When examining CNS compartments separately, atrophy exhibits varying rates, extent, and
severity. While MS was traditionally viewed as a primarily WM disorder, volume loss occurs
in both the GM and WM from the earliest stages of the disease.'® In fact, GM atrophy
assessment appears more clinically relevant than WM atrophy or lesion volume load.?? In a 4-
year follow-up study, GM atrophy rate was 8.1 times greater in RRMS patients compared to
HC, 12.4 times greater in RRMS patients converting to SPMS, and 14 times greater in SPMS
patients,'% indicating an acceleration of GM volume loss throughout the disease course. In

contrast, WM atrophy rates remain relatively constant across all disease stages.**

Several studies have shown that in pwMS there is both diffuse cortical atrophy and focal
thinning of the cerebral cortex.X®* Furthermore, the cortical areas with earlier volume changes
were the cingulate cortex, insula and the transverse temporal gyrus, and also the thinning of
these areas displayed the strongest correlation with the lesion load.!%® This pattern of brain
volume loss is distinct from that seen in normal ageing,'®* demonstrating that atrophy in MS is

not a mere acceleration of age-related volume loss.
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It is now standard practice to include the reduction in whole-brain volume loss as a
secondary or tertiary end point in phase Il randomized controlled trials for developing new
DMTs in MS,'® and even as primary outcome in phase Il trials.8>1% Nevertheless, it has not
yet been adopted into routine clinical practice.®? One reason for this is the lack of a standardized
protocol for MRI acquisition across centres, resulting in significant variations in quality,
resolution, and acquisition parameters. Additionally, new techniques and software are
constantly being developed, making it difficult to establish a single standardized methodology
that remains relevant over time.2%” Therefore, establishing consensus on the most appropriate
MRI protocol and analysis techniques remains an ongoing challenge. The long-term goal of
atrophy quantification is clinical translation, which requires multicentre validation and
determination of clinical meaningfulness. International collaboration efforts, such as the
MAGNIMS study group, aim to address these challenges by developing multicentre studies
with larger cohorts, aiming to address the unmet needs in the field of MRI measurement.

1.4.2 Spinal cord atrophy: methodological aspects and clinical relevance

The spinal cord and spinal canal have anatomical peculiarities that should be outlined

beforehand.

The spinal cord and the surrounding tissues are located within the spinal canal; the spinal
cord extends caudally from the foramen magnum and occupies two thirds in length of the
spine.® The lower section of the canal contains the filum terminale and the cauda equina. The
spinal cord is divided into 4 regions and 31 segments: cervical (8 segments), thoracic (12
segments), lumbar (5 segments) and sacral (6 segments) (Figure 2A). Its diameter varies along
its length, with cervical and lumbar enlargements. Unlike the brain, the spinal cord has GM
surrounded by WM. The emergent ventral and dorsal roots form spinal nerves on either side of
the cord. The main blood supply comes from the single anterior spinal artery, supplying the
anterior two-thirds, and two posterior spinal arteries, supplying the posterior one-third.%® The
spinal cord is covered by the three membranes of the CNS: the dura mater, arachnoid and the
innermost pia mater. The epidural space, containing fat and Batson’s plexus veins, separates
the dura mater from the osseus spinal canal. The subdural space is a potential space between
the dura mater and the arachnoid, while the subarachnoid space, filled with CSF, lies between

the arachnoid and pia mater.
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Figure 2. Spinal cord and spinal canal. (A) Division of the spinal cord into 4 regions and 31
segments. Created with BioRender.com (B) Schematic representation of the spinal cord and
surrounding tissues within the spinal canal (red dashed line). Image adapted from the Netter atlas

of human anatomy, 7™ edition, 2018.

The spinal canal, also known as the vertebral canal or spinal cavity,* is delimited anteriorly
by the vertebral bodies, intervertebral discs, and the posterior longitudinal ligament; posteriorly,
by the vertebral laminae and the ligamentum flavum; and laterally, by the pedicles and
intervertebral foramens, which allows the passage of spinal nerves and blood vessels (Figure
2B). The spinal canal diameter varies by region.''! In the cervical region, it decreases from C1
to C3, and achieves a more stable diameter from C3 to C7.1!2 The thoracic canal also becomes
narrower in the cranio-caudal direction. Compared to the cervical and thoracic regions, the

lumbar vertebral group has a larger spinal canal diameter on average.

Overall, the spinal cord and spinal canal are small structures surrounded by numerous
and distinct tissues that make the MRI acquisition and its subsequent interpretation technically
challenging. In addition to their small cross-sectional dimensions, the spinal cord exhibits a
physiological motion due to the flow of the CSF, respiration and cardiac pulsation which can
generate artifacts in MRI. Motion artifacts due to cardiac and pulmonary activity could be
partially controlled with cardiac and respiratory gating.!'® Additionally, differences in the
magnetic susceptibility between bone, soft tissues and air represent a source of “noise”, image
distortion and loss of signal intensity, causing further field inhomogeneities and affecting the
MRI quality. Several post-processing approaches have been described to optimize image
quality,'** but the results are not as robust as in brain MRI.
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The spinal cord is an area of preferential damage in MS.% Traditionally, clinical trials
and clinical practices related to MS have primarily focused on monitoring changes in the brain.
Nevertheless, there is an increasing recognition of the importance of evaluating the entire
neuroaxis to gain a more comprehensive understanding of disability in MS.%? Despite the
aforementioned additional challenges to obtain a good quality spinal cord MRI, measurement
of spinal cord atrophy is becoming more relevant, given its robust correlation with disability

worsening.

In literature, the most representative measurement of spinal cord atrophy is the cross-
sectional area (CSA, in mm?),!% although the spinal cord volume (mm?) has also been used.
The preferred spinal cord MRI sequences for this purpose are T1IWI gradient-echo (e.g.,
inversion-recovery or magnetisation prepared rapid gradient-echo), and T2W1.?® The C2/3
intervertebral disc level of the cervical cord is the most commonly used to assess atrophy in MS
due to its high concentration of lesions, increased rate of atrophy, and relative technical ease
compared to assessment of the whole cord.8! The 3D T1WI brain MRI sequence, recommended
for volumetric assessment of the brain, often captures a few upper cervical cord levels. Since
the spinal cord MRI is less frequently performed than brain MRI due to technical challenges
and enlarged acquisition time, a recent study has shown a good correlation between CSA at the
C1 level assessed in 3D T1WI brain MRI and CSA at the C2/C3 level assessed in T2*WI
MRI.1® However, the current recommendation for evaluating spinal cord atrophy is to use of
dedicated cervical cord MRI when available.8(Figure 3)

!

Figure 3. Spinal cord and spinal canal visualization with a sagittal brain 3D T1WI (A) and cervical
cord 3DT1WI (B) in the same subject. TAWI, T1-weighted image; 3D, 3-dimensional.

There are manual, semi-automated and fully-automated methods to measure spinal cord

area, but there is still a significant degree of heterogeneity in the methodology among studies.*
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The first accurate and reproducible method was developed by Losseff and coworkers. ! It is
based on the strong signal contrast between the spinal cord and CSF, and also accounts for the
partial volume effect. This method determines the true boundary position by drawing a contour
at a signal intensity halfway between the cord and CSF.1" Subsequently, other methods have
emerged, such as Cordial,*'® used to estimate the spinal cord volume, but not very extensively
employed. The JIM (Jacobian integration method)*® and SCT (Spinal Cord Toolbox)!?
software toolboxes are used to calculate the spinal cord volume, area, and length, which often
require reference marks and manual correction to provide reliable measures. However, there is
a lack of large studies comparing different approaches to establish a consensus in spinal cord

atrophy measurements across MRI sequences.'?®

The use of more advanced MRI sequences, such as the phase-sensitive inversion
recovery (PSIR),'?! has enabled the study the spinal cord GM and WM atrophy separately.
Recently, some fully-automated segmentation tools have been proposed,?>!% showing better
performance than manual outlining, as they reduce the intra-operator biases. However, the
presence of demyelination lesions in the cervical cord can cause blurring in the MRI, hampering
the estimation of the area, especially in progressive patients with areas of diffuse demyelination

in the cervical segments.1?1:124

A relevant aspect in the evaluation of cervical cord atrophy across subjects is the
normalization of measurements,'?® given the large intersubject variability of spinal cord areas.
The normalization allows to reduce biological variation of structural measurements unrelated
to disease, and maximizes the statistical power to detect group differences, enabling more
effective assessment of differences between pwMS and healthy controls.'?® Factors such as age,
sex, height, and body mass index influence spinal cord CSA, GM and WM.!? Several studies
indicated that the body mass index has no significant impact on the spinal cord area,'?” while
the influence of body height, though statistically significant, is minimal and may be subject to
sex differences.'?’ Height has been suggested as a normalization parameter,'?® particularly
when estimating spinal cord volumes. However, in the assessment of spinal cord CSA,

adjustments based on age and sex appear to be adequate in controlling intersubject variability.1%

Studies on cervical cord atrophy have calculated that the rate of volume loss is
approximately 1.78% per year,*'® compared to the reported rates of brain atrophy, which
commonly range from 0.4 to 1.35% per year.?®°” Of note, the atrophy rates for the brain and
spinal cord are estimated using different methodologies. Therefore, while the absolute rate

values are not directly comparable, these findings suggest that spine atrophy may occur at a rate
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even higher than brain volume loss. The atrophy rate also seems to vary along the spinal cord
length. It has been reported that the spinal cord CSA shows an average reduction of about 2
mm? per decade at the C2/C3 level, and 1.3 mm? at the T9-T10 level, while the average spinal
cord GM reduction is of the order of 0.3-0.4 mm? per decade at both the levels.'?® In progressive
MS patients, the magnitude of spinal cord CSA is even larger (2.08% per year).

It was in 1996 when Losseff and coworkers demonstrated a strong graded correlation
between spinal cord CSA measured at the C2 level and the EDSS, " which is heavily weighted
towards ambulatory function. In fact, progressive patients and those with higher EDSS scores
exhibited smaller areas compared to RRMS patients or those with low EDSS scores. Since then,
studies evaluating spinal cord atrophy have consistently showed a significant relationship
between cervical cord CSA and disability worsening, assessed with different measurements,
including 9-HPT,*° T25FW, 31 SDMT and quality of life.!32 The regional analysis has also
highlighted a differential accumulation of cord atrophy across cervical levels at different disease
stages, with subtle tissue loss starting at C1/C2 in early RRMS, progressively involving the
upper cord segments in RRMS, and subsequently affecting the lowest cervical segments in
progressive MS.13 This cranio-caudal gradient may be due to a higher myelin content and WM
fiber density, with subsequent spreading of cord damage to caudal segments.*®® Therefore,
spinal cord atrophy is measured from the early stages of MS, seems to be independent of the
cortex and deep GM volume loss,*** and correlates more strongly with disability than brain
atrophy.®

Even in the absence of WM loss, there is a detectable loss of tissue in the GM in relapsing MS
that is more prominent during the progressive phase of the illness.!?* Spinal cord GM area seems
to be the strongest predictor of disability across studies in models including normalized brain
GM and WM volumes, brain T1 lesion load, spinal cord WM area, and number of spinal cord

lesions,*** underscoring the clinical relevance of these findings.

Furthermore, an association between cord atrophy and reduced peripapillary retinal nerve fibre
layer thickness has been identified, indicating that cervical cord atrophy reflects, at least in part,

global pathological processes and not only specific damage of long tracts.351%

While research on brain atrophy in MS has been extensively conducted, studies focusing
on spinal cord atrophy are comparatively limited. However, findings suggest that the rate of
spinal cord atrophy seems to be higher. This underscores the significance of incorporating

spinal cord CSA as an outcome measure in clinical trials. In clinical practice, it could be useful
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in monitoring treatment response, disease activity and progression, once standardized atrophy

measurements protocols are available.

1.5 The concept of “Reserve” in MS

As previously discussed, predicting cognitive and physical disability progression in MS
remains a significant challenge. A considerable body of research is dedicated to developing
new clinical, neuroimaging, and serum/CSF biomarkers to gain deeper insights into the
pathophysiology of neurodegeneration. Among these biomarkers, brain and spinal cord atrophy
measurements have shown robust associations with clinical outcomes. However, these
measurements only partially correlate with functional impairment and disease trajectories, 3”13

leaving a proportion of disability worsening unexplained.

Indeed, the clinic-radiological paradox in MS highlights a common observation in daily
practice: the association between clinical findings and the extent of radiological damage is

generally weak .13

The wide variability and unpredictability in clinical disability progression in MS may be
attributed to the complex interplay of different factors. These factors include persistent or
smouldering inflammation of the CNS, an imbalance between neuronal damage and
regeneration, and the functional reserve or resilience of the CNS, which modulates the
accumulation of neuro-axonal loss.**® Consequently, some individuals may experience rapid
neurological decline, while others show minimal or no detectable clinical progression over the

years despite similar degrees of lesion load and tissue damage.

Efforts in MS research have been primarily directed towards quantifying damage in the brain
and spinal cord. However, there is currently no direct metric available to accurately gauge the
quantity of remaining functionally intact neurons.’*® As a result, in addition to assessing
measures like atrophy and focal lesions, elucidating the integrity of the residual CNS tissue
emerges as a pivotal aspect in understanding the maintenance of functional capacity in
pwMsS. 1

The term “reserve” refers to an organ’s ability to withstand damage or degeneration
without manifesting noticeable deficits. In neurology, the concept of brain reserve*! refers to
individual differences in the structural properties of the brain. It is defined as the capacity of

the brain to compensate the effects of aging, neurodegenerative disorders or injury. This
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concept has been firstly explored in Alzheimer’s disease and other dementias.**? For instance,
in Alzheimer’s disease the presence of amyloid plagues and neurofibrillary tangles must exceed
a quantitative threshold before the clinical onset of dementia becomes apparent.** Similarly, in
vascular dementia, it has been demonstrated that symptoms onset is not evident until an
aggregate volume of at least 50-100cc of infarction has been found.}*! In other words, a
considerable amount of tissue destruction needs to occur before the system is compromised and
disease becomes clinically evident. But the variability in the threshold of clinically eloquent
tissue destruction is related to the functionality and volume of remaining tissue (i.e., reserve)

that can compensate for that damage.

The surrogate measure of the brain reserve was originally the head circumference, and
presently the total intracranial volume (T1V),}* which reflects the maximal lifetime brain
growth and shows a strong correlation with brain size in healthy subjects. TIV is also considered
a proxy for neuronal or synaptic count,*** and linked to the presence of more redundant neural
structures. Redundancy in biological systems implies the existence of duplicate elements that
provide an alternative functionality in case of failure.}* In the context of neurological disorders,
redundancy involves having extra neurons, synapsis and pathways, making the brain more
robust or resistant to aging and disease-related changes. Subsequently, a larger TIV indicates a
greater brain reserve, allowing individuals to withstand a higher disease burden before reaching
a critical threshold.**® Evidence points to the fact that elderly individuals with a larger TIV (or
greater brain reserve) tend to exhibit better cognitive function and a reduced risk of clinical
dementia in the face of similar disease-related damage .24¢4" It is essential to note that brain
reserve is also heavily influenced by genetic factors. Considering that men typically have a
larger TIV than women, research studies evaluating TIV often incorporate adjustments based

on sex to ensure accurate and unbiased analyses.'*3

In the aforementioned examples, the threshold effect assumes uniform brain tissue or
neuronal loss across individuals,**! but repeated observations indicate that there is not a direct
relationship between the degree of brain pathology or damage and the clinical manifestations
of that damage.}*® In fact, a clinical study with postmortem evaluation revealed that
approximately one-third of older subjects within the studied cohort, despite not exhibiting
dementia symptoms, displayed histopathological changes consistent with Alzheimer's
disease.'*? It suggests that some individuals are more resilient to neurodegenerative disorders,
which highlights the complexity of individual variability in the onset of such conditions. In this

context, another relevant concept has emerged: the cognitive reserve.**® It proposes that certain
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factors, such as cognitive activities, education, social engagement, and intellectual stimulation
throughout life, contribute to building a reserve of neural resources that act as protective factors.
This may explain critical threshold differences in the onset of clinical symptoms after acquired
brain injury.*® Cognitive reserve is also related to neuroplasticity, which involves the
functional brain reorganization in response to damage.'#® This implies that individuals with a
higher cognitive reserve may delay the onset of cognitive decline due to their ability to recruit

or reorganize alternative brain networks as needed.

Indeed, cognitive reserve closely parallels the concept of brain reserve, but with some
remarkable differences. While brain reserve is typically regarded as a passive trait,**® given at
birth, linked to brain size, unmodifiable, and involves an increased number of redundant
neuronal networks, cognitive reserve operates as a more dynamic process. It may be based on
the more efficient utilization of brain networks or an enhanced neuroplasticity potential,}4®

depending on lifetime intellectual enrichment.

The brain reserve has also been explored in MS. Many pwMS experience cognitive
impairment,®° particularly in memory and cognitive efficiency (slowed processing speed,
difficulty multitasking), while others endure significant disease burden without cognitive
decline.’™! This is evident, in part, by the relatively modest or incomplete correlation between
MS disease burden (e.g., T2WI lesion volume, cerebral atrophy) and cognitive performance.®?
Recent findings demonstrate that pwMS with a larger TIV mitigated the detrimental link
between MS disease burden and cognitive efficiency in both cross-sectional**® and

longitudinal®®® studies.

The cognitive reserve hypothesis also contributes to explaining the discrepancy
between disease burden and cognitive status in MS.** It suggests that pwMS with greater
education are better protected against disease-related cognitive impairment.®® In fact,
engagement in cognitive leisure activities during early adulthood has been shown to moderate
the negative effect of disease burden on current cognitive status.'®® Indeed, a higher cognitive
reserve appears to have a protective role against verbal learning and memory impairment, as
well as information processing inefficiency,*® by moderating the effects of brain atrophy®®’
and WM lesion load.?®® Consequently, the adverse impact of disease burden on cognition is
more pronounced in individuals with lower intellectual enrichment compared to those with
higher enrichment,®>* leading to divergent trajectories of cognitive decline over time.
Longitudinal research further emphasizes the clinical importance of considering a patient's level

of lifetime enrichment,*>® which may serve as a useful predictor of future cognitive decline.
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In parallel with the cognitive reserve, the concept of physical reserve has been recently
delineated as a conceptual and empirical framework to assess individual differences in the
ability to withstand physical decline over time in elderly subjects.'®® Gait speed is the proposed
measure for this reserve, as it has been shown to be associated with fall risk, disability and
mortality in this subpopulation.>®

Despite the fact that the CNS encompasses both the brain and spinal cord, and the role
of the spinal cord is recognized as central in MS, there was no equivalent construct for spinal
cord reserve as there is for brain reserve. Thus, the study of reserve in neurology was primarily

restricted to the brain, neglecting the undeniable contribution of the spinal cord to disability in

MS (Figure 4).
[ Functional Reserve @ Structural Reserve ]

Cognitive
Reserve

Brain

: ,@ | Reserve

Spinal
cord
Reserve?

Figure 4. Conceptualization of the holistic concept of Central Nervous System (CNS) reserve,
comprising both structural and functional reserves. Functional reserve includes the cognitive and
physical life-long enrichment, while structural reserve encompasses both intracranial volume and

spinal canal. To date, there had been no formal attempt to develop the concept of spinal cord reserve.

An exploratory study has investigated for the first time the possible existence of a spinal cord
reserve,'®® in analogy to the brain reserve concept. In this case, the surrogate tested measure
was the cervical canal area (CCaA), assessed as the mean cross-sectional area over 11 slices
centred at the C2/C3 intervertebral disc level. The main hypothesis posited that a larger CCaA

would be associated with a lower level of disability. CCaA was estimated in a large international
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multicentre MRI dataset of pwMS and HC. For this purpose, an in-house semi-automated
segmentation pipeline based on the SCT was developed. The studied revealed no differences in
CCaA between pwMS and HC,* suggesting that the area of the spinal canal is not affected by
the disease process, a prerequisite for considering it a valid proxy for the maximal lifetime
growth of the premorbid spinal cord. Besides, CCaA was found to be associated with disability,
as measured by the Patient-Determined Disease Steps (PDDS), in linear models adjusted for
spinal cord parenchyma fraction (SCPF), brain T2WI lesion volume, age, and sex. PDDS is a
well-validated PROM extensively used in MS research. CCaA also correlated with the lower
extremity subscale of the quality of life in neurological disorders (Neuro-QoL) and with
processing speed test (PST).160

In summary, this study represented the first step to support the existence of the spinal cord
reserve, opening up a significant field of research upon which this thesis is built.
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2. Thesis justification

One central focus in MS research involves the identification of biomarkers to measure
disease progression. The ultimate goal is to develop new drugs that can decelerate, attenuate,
or control the neurodegenerative processes leading to disability worsening in pwMS.
Additionally, there is an ongoing effort to identify non-modifiable risk factors present from the
disease onset, which also play a role in predicting its course over time. Assessing these factors
at the time of diagnosis could guide the initiation of DMT towards more efficient drugs,

particularly for patients at a higher risk of disability progression.

Despite substantial efforts to establish significant correlations between brain MRI-
derived parameters and clinical disability in MS, results have been suboptimal, highlighting the
need for additional metrics. One potential explanation is that spinal cord involvement is not
fully incorporated into the formal evaluation of MS. While advancements in measuring spinal
cord volume loss and lesion burden have enhanced our understanding of disability accumulation

in MS, the variability in disability worsening among patients remains poorly understood.

In this context, the concept of reserve has emerged as an important contributor in elucidating
the variability in clinical outcomes in MS. While brain reserve is well-established in MS
research, the role of spinal cord reserve remains largely unexplored, despite the integral role of
the spinal cord in MS pathology and disability. Of note, there was no recognized equivalent to
brain reserve for the spinal cord.

The first study to explore the spinal cord reserve used the CCaA as a proxy measure. It found
that there were no differences in CCaA between pwMS and HC. Besides, this measure was
correlated with disability, as assessed through patient-reported outcomes. It is important to note
that this study employed a cross-sectional analysis, assessed the CCaA in 3D T1WI brain MRls,
and did not provide information about MS phenotypes or EDSS. Consequently, there is ample
room for further investigation of this measure with improved approaches, different analysis
designs, and additional MRI sequences.

Therefore, there is a considerable body of literature exploring brain reserve and
cognitive reserve, but there is currently no established counterpart for the spinal cord.
Considering the significance of spinal cord measurements in predicting MS prognosis, there
exists an unmet need for a comprehensive analysis of the potential role of spinal cord reserve
in disease progression. This thesis aims to shed light on this aspect and will possibly provide

valuable insights to the field.
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3. Hypotheses

The primary working hypothesis of the current thesis posits the existence of a spinal
cord reserve that can be measured in each patient by estimating the mean cervical canal area

(CCaA), thereby extending the concept of brain reserve to the spinal cord.

Furthermore, the spinal cord reserve is linked to disability in MS and could be considered as a
non-modifiable risk factor for disability progression, particularly in terms of the progressive
spastic paraparesis that some patients may exhibit either from the onset or during the course of
the disease.

Specifically, we hypothesize that:

1. The CCaA, the surrogate measure of spinal cord reserve, can be estimated after
implementing an accurate analysis pipeline that enables semi-automated estimations

from brain and cervical cord MRI acquisitions.

2. The CCaA can be assessed with the developed analysis pipeline with MRIs from
different centres and settings, potentially allowing us to demonstrate the existence of
spinal cord reserve and its association with disability in a large international cohort of
MS patients.

3. Our analysis pipeline can be applied to different MRI sequences, beyond volumetric
T1WI, to accurately estimate the CCaA.
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4. Objectives

The main objective of this thesis is to test the possible existence of a spinal cord reserve and

its relationship with disability in MS. In addition, there are 3 secondary objectives:

1. Pipeline validation: it involves developing, implementing and validating the in-house
semi-automated segmentation pipeline designed to obtain quantitative measures of the
CCaA. Subsequently, the CCaA will be assessed in brain MRIs, and the resulting
measurements will be compared to those obtained using dedicated cervical cord MRI.
Finally, the consistency of the CCaA measurements during a 1-year period (scan-rescan

test) will be also evaluated.

2. Assessment of the spinal cord reserve in a multicentric cohort: it consists of
investigating the potential of the CCaA as a proxy for spinal cord reserve in a
longitudinal multicentric cohort of pwMS (including all MS phenotypes) and healthy
controls. The CCaA will be examined at two different intervertebral disc levels — C2/C3
and C3/C4 —and disability will be measured with the EDSS score, the most widely used

scale for neurological examination in MS.

3. Estimation of the CCaA in additional MRI sequences: it involves exploring the
feasibility of measuring the CCaA in the most commonly used MRI sequences in
clinical practice, such as 2D sagittal TIWI, T2WI and STIR.
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We used the SCT to assess the CCaA across the three studies. The SCT is a
comprehensive software specifically designed for the analysis of spinal cord MRI data,'?
providing tools for image processing, such as segmentation, registration, and statistical analysis.
It utilizes specialized templates and transformations that facilitate accurate and reproducible
measurements. High-resolution spinal cord templates serve as references for various segments,
allowing for precise alignment and comparison across different subjects and imaging
modalities.6%1%2 Transformations within SCT use sophisticated algorithms to map individual
spinal cord images onto these templates, ensuring consistent identification of anatomical
landmarks and features.!®® Key aspects of SCT are its robust segmentation tools, which
delineate spinal cord boundaries and substructures, and its advanced registration techniques,
which adjust for anatomical variability and motion artifacts. These capabilities make SCT an
essential tool for researchers and clinicians aiming to obtain reliable and detailed assessments
of spinal cord morphology and pathology. In the following sections, we discuss how we adapted

the SCT to estimate the CCaA.

5.1 Pipeline validation

Our group has developed an in-house semi-automated segmentation tool based on the
SCT (https://www.nitrc.org/projects/sct/) to obtain quantitative measures of the CCaA. To
validate the reproducibility of the proposed pipeline and, to this end, address the first objective
of this thesis, we tested it in an initial cohort of 10 HC and 21 pwMS, who underwent baseline
and one year follow-up brain and cervical spine sagittal 3D T1WI MP-RAGE. All MRI scans
were acquired in a 3-Tesla system (Tim Trio; Siemens) using the following acquisition
parameters: TR = 2300 ms, TE = 2.98ms, T1 = 900 ms, flip angle = 9°, voxel size =1 x 1 x
1mm?; brain field-of-view (FOV) = 240 x 256 x 176, cervical FOV = 240 x 25 x 128.
Additionally, all subjects underwent a brain 2D FLAIR scan (TR = 9000 ms, TE=93 ms, Tl =
2500 ms, flip angle = 120°, voxel size = 0.49 x 0.49 x 3.0 mm3). The positioning protocol was
the same across all subjects. The project was approved by the local ethics committee, and

subjects signed an informed consent.

The CCaA was measured in all acquisitions using the following in-house pipeline based
on the SCT (Version 5.0.1).12° (Figure 5)
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Brain T1IWI Cervical Cord T1IWI

Baseline 1-year Follow-up Baseline 1-year Follow-up

Normalization
Atlas Space

Manual labelling (c2-c3) Deepseg algorithm

Inverse
Normalization
Native Space

CCaA-GT CCaA-SCT PAM50_41
Spinal Canal template

OUTPUT
Cervical Canal Area and Mask

Mean Area: 5 slices

STATISTIC ANALYSIS: output

CCaA (mm?): HC and pwMS — No differences, considered as a single group
CCaA - GT & CCaA — SCT (masks): Dice Similarity Coefficient

CCaA: Baseline & Follow-up cervical cord MRI: Intraclass Correlation Coefficient
CCaA: Brain & Cervical cord MRI (baseline): Intraclass Correlation Coefficient

* & o o

Figure 5. Graphical representation of the proposed pipeline to estimate the cervical canal, including the MRI
sequences, a flowchart, the assessment of the means cervical canal area over the different number of slices, and
the statistical analysis performed. CCaA: cervical canal area, GT: ground truth, SCT: Spinal Cord Toolbox, HC:
healthy controls, pwMS: patients with multiple sclerosis.
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First, a segmentation of the cervical cord was obtained with the DeepSeg algorithm. Then, the
posterior tip of the C2/C3 intervertebral disc was manually labelled by 2 evaluators (a
neurologist with a 7 years’ experience and an MRI technician with 11 years’ experience). The
output from the DeepSeg algorithm, along with these manual intervertebral disc landmarks, was
used to normalize the images to the PAM50 atlas,'®? an unbiased multimodal MRI template of
the full spinal cord (C1-L2 vertebral level) and brainstem where several spinal cord structures
have been predefined. Previously, a spinal canal template covering from C1 to C5 was created
by our research group in the same space as the PAM50 atlas and was added to the predefined
structures (PAM50_41). A spinal canal segmentation mask was created in the same space as
the atlas and added to the predefined structures, including the spinal canal template. Then, the
images were normalized using the inverse normalization matrix, as proposed by SCT, and

finally, the spinal canal mask was transferred from the atlas space to the native space.

Additionally, the total intracranial volume was assessed in all subjects using the T1WI
sequences with statistical parametric mapping software (SPM;
http://www_fil.ion.ucl.ac.uk/spm/software/spm12); the lesion volume was estimated using 2D
FLAIR MRI with the Lesion Segmentation Toolbox, included in the SPM software
(https://www.applied-statistics.de/Ist.ntml).

CCaA was then estimated as the mean cross-sectional area across either 5, 11, or 17
slices centered on the C2/C3 intervertebral disc, representing the 3 groups of comparisons.
Anatomically, 5 slices usually cover the C2/C3 cervical disc, 11 slices cover from the lower
margin of C2 to the upper margin of C3; and 17 slices cover from the odontoid basis to the
midpoint of the posterior arch of C3 (a certain intersubject variability is detected in those limits
according to the individual anatomy). To identify outlier CCaA estimations, we removed all
measures with a value beyond 1.5 times the interquartile range.'®® Then, CCaA estimations in
HC and pwMS were compared by a multivariable regression model adjusted for age and sex;
CCaA estimations from baseline and follow-up cervical cord scans and from brain and cervical
MRIs were also compared using a paired t test. To assess the reproducibility of the proposed
pipeline, we compared the CCaA estimations obtained from the cervical cord and brain T1WI
at 2 different time points with the proposed pipeline manual segmentations performed by 1
evaluator, considered the ground truth (GT), using the Dice similarity coefficient (DSC).* In
addition, a second evaluator manually outlined the CCaA to assess the interoperator variability.

Additionally, we compared the CCaA mean obtained with the manual GT at baseline for the
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cervical cord and brain scans using a paired t test. The GT, considered the reference value, was

measured at the midpoint of C2/C3.

Finally, CCaA estimations obtained on baseline and follow-up cervical cord TIWI were
compared; brain and cervical cord acquisitions were also compared using the individual and
average intraclass correlation coefficient (ICC)'® and the Bland-Altman method with their
limits of agreement (LoA). Statistical analysis was performed with STATA 16.1 software
(StataCorp). Before we performed a t test, the normal distribution of different variables was
evaluated using the Shapiro-Wilk test, and the homogeneity of variances was determined by
the Levene test. To appraise assumptions of linear regression, we checked the normality of
residuals using the Shapiro-Wilk test; homoscedasticity was evaluated with the Breusch-Pagan
test; independence of observations was determined using the Durbin-Watson test; and
collinearity was assessed by the variance inflation factor. The p value for significance was set
at p<0.05.

5.2 Assessment of the spinal cord reserve in a multicentric cohort

In this study the cohort comprised pwMS recruited between 2010 and 2016 from nine
European sites (www.magnims.eu): (1) the Amsterdam MS Centre (the Netherlands); (2) the
Cemcat, Hospital Vall d’Hebron, Barcelona (Spain); (3) St. Josef Hospital Ruhr University,
Bochum (Germany); (4) Queen Square Institute of Neurology, UCL, London (UK); (5) the
Department of Neurology, Neurocentre of Southern Switzerland, Lugano; (6) the Department
of Neurology, University of Heidelberg, Mannheim (Germany); (7) the Neuroimaging
Research Unit, San Raffaele Scientific Institute, Milan (Italy); (8) the MRI Centre “SUN-
FISM,” University of Campania “Luigi Vanvitelli,” Naples (Italy); and (9) the Nuffield
Department of Clinical Neurosciences, Oxford (UK). All MS phenotypes were included. HC
were recruited among friends and relatives of pwMS. This multicentric cohort has already been
used in previous studies to characterize the evolution of cervical cord atrophy,'® and the

distribution of brain grey-matter atrophy across MS phenotypes.®

The project was approved by the local Ethics Committee in each Centre, and all subjects

gave written informed consent before enrolment.

To be included, pwMS had to have stable treatment during the last six months and

received no corticosteroids during the last month. CIS patients suggestive of MS had to have a
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first episode suggestive of central nervous system demyelination and a clinical assessment
within 3 months from clinical symptoms onset. Exclusion criteria for HC and pwMS were
history of cervical cord/brain trauma, severe cord compression (radiologically defined) on
previous MRI scans, diagnosis of MS mimickers; major comorbidities, and any other medical
conditions interfering with MRI.

All classical MS phenotypes were recruited. Among them, there were a low number of
patients with PPMS; therefore, patients were categorized into relapsing MS phenotype
(including CIS and RRMS), and progressive MS phenotype (including SPMS and PPMS),

using present criteria for phenotype classification in all centres.*®’

Disability was measured by the EDSS score at baseline and 5-year follow-up. Confirmed
clinical worsening at follow-up was defined as EDSS score increase of >1.5 when baseline was
= 0.0, EDSS score increase of >1.0 when baseline EDSS was <5.5, or EDDS score increase of

>0.5 when baseline EDSS was >6.0, as reported elsewhere.'*?

Although a strict standardization of contrast parameters was not implemented, the
acquisition MRI strategy of the volumetric cord sequence was similar across sites, with the use
of an isotropic (1mm3) inversion-prepared scan,’**% and there were no major
hardware/software updates during the study. All subjects underwent a 3D T1WI at inclusion,

covering the entire cervical cord using a 3T scanner.**

All images were visually checked by an experienced neurologist (NM). Images were excluded
in presence of: cervical spondylosis with compromise of the cervical canal involving the C2-
C4 segment, extreme physiological variations of the CCaA (specifically when the vertebral
cavity reaches a stable diameter lower than C2/C3 vertebral level),*1?7 and marked cervical
hyperextension on acquisition. Images were also excluded due to poor MRI quality or off-center
FOV.

The CCaA was then estimated in all participants with our in-house semi-automated
segmentation pipeline based on the SCT.1®° It was calculated as the mean cross-sectional area
over 11 slices centred on two different intervertebral disc levels: C2/C3 and C3/C4. As part of
the segmentation quality control, a coefficient of variation (CV) was calculated for each CCaA
measurement at the two different levels, removing subjects who displayed a CV>0.075.1°

Segmentation process failures were also removed.
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The output of the pipeline also provided the mean spinal cord CSA area, which was used to
calculate the SCPF as the ratio of SCA to the CCaA, and then reported as percentage. Of note,
SCA and SCPF were also assessed both at C2/C3 and C3/C4 intervertebral levels.

The statistical analysis was conducted separately at C2/C3 and C3/C4 intervertebral disc
levels. First, a descriptive analysis and a comparison between included and excluded
participants were performed. The analysis included the percentage of patients in each
phenotype, the mean age and disease duration, as well as the median and interquartile range
(IQR) of EDSS and number of cord lesions (0,1,2,3...). Subsequently, comparisons between
included HC and pwMS were performed in terms of demographic, clinical and MRI
characteristics. Age- and sex-adjusted linear models were built to test for differences in CCaA

between HC, relapsing MS and progressive MS.

Multivariable linear regression models adjusted for age, sex, SCPF and number of cord lesions
were used to evaluate the association between EDSS and CCaA at baseline, firstly with the

whole cohort, and then by phenotypes. As the distribution of the phenotype differed between

centres, no attempt was made to adjust by centre to avoid model overadjustment (Table 2).

HC CIS RRMS SPMS PPMS Total
n (%) n (%) n (%) n (%) n (%)

Amsterdam 47 (34.1) 0 (0) 47 (34.1) 44 (31.8) 0 (0) 138
Bochum 6 (27.3) 4(18.2) 12 (54.5) 0 (0) 0 (0) 22
London 10 (28.6) 0 (0) 0 (0) 13 (37.1) 12 (34.3) 35
Milano 55 (27.9) 0 (0) 84 (42.7) 32 (16.2) 26 (13.2) 197
Oxford 17 (53.1) 0(0) 15 (46.9) 0 (0) 0 (0) 32
Napoli 13 (31.7) 6 (14.6) 21 (51.2) 0 (0) 1(25) 41

Mannheim 6 (23.1) 0 (0) 20 (76.9) 0 (0) 0 (0) 26
Lugano 15 (17.2) 1(1.1) 60 (69.0) 7(8.1) 4 (4.6) 87

Barcelona 8 (29.6) 8 (29.6) 11 (40.7) 0 (0) 0 (0) 27

Table 2. Distribution of phenotypes across the participating centres. Of note, each one contributed with a different
proportion of multiple sclerosis phenotypes. Total number of subjects = 605 (before the quality check control).
CIS, clinically isolated syndrome; HC, healthy controls; n, number; PPMS, primary progressive multiple sclerosis;

RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; %, percentage.

Additionally, we employed the jackknife resampling method to evaluate the robustness

and stability of the association between the CCaA and baseline EDSS in the entire cohort.
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We also compared the CCaA at baseline between pwMS who presented clinical worsening at
5-year follow-up to those who remained stable by using a multivariate linear regression model

adjusted for age, sex, SCPF, and number of cord lesions.

To appraise assumptions of linear regression, we checked the normality of residuals
using the Shapiro-Wilk test; homoscedasticity was evaluated with the Breusch-Pagan test, and
collinearity was assessed by the variance inflation factor. The p value for significance was set

at p <0.05. Statistical analysis was performed with STATA 16.1 software (StataCorp).

5.3 Estimation of the cervical canal area in additional MRI
sequences

The cohort included pwMS from the outpatient clinic of the Centre of Multiple Sclerosis
of Catalonia who underwent an MRI study from August 2021 to September 2023. To be

included, the MRI study had to comprise the following sequences: brain sagittal 3D T1WI, and
cervical sagittal 2D T1WI, T2WI, and STIR. All MRI scans were acquired in a 3.0 T system
(Siemens - MAGNETOM Prisma Fit - syngo MR XA30). The acquisition parameters are
detailed in Table 3.

Brain 3D Cervical 2D Cervical 2D Cervical 2D

TiWI TiWI T2WI STIR

TR (ms) 2300 695 3000 3500
TE (ms) 2.98 9.2 86 37

FOV (mm) 240 x 256 337 x 300 315 x 280 315 x 280
FA (°) 9 150 160 150
Interslice gap (mm) 0 0.5 0.5 0.5
Voxel Size (mm) Ix1x1 0.4688x0.4688x3 0.625x0.625x3 0.7292x0.7292x3

Table 3. Acquisition parameters for the different MRI sequences. TR, repetition time; TE, echo time; FOV, field
of view; FA, flip angle, TIWI, T1-weighted image; T2WI, T2-weighted image; STIR, short-tau inversion recovery

image; mm, millimetres; ms, milliseconds; °, angle.

All different MS phenotypes were recruited. Among them, the predominant phenotype
was relapsing-remitting MS; therefore, patients were categorized into relapsing MS phenotype
(including CIS and relapsing-remitting MS), and progressive MS phenotype (including SPMS
and PPMS), using present criteria for phenotype classification.'®” Exclusion criteria were

history of cervical cord/brain trauma, spondylotic cervical disease with cervical stenosis or cord
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compression on previous MRI scans, major comorbidities, history of drug/alcohol abuse,
pregnancy, and any other conditions interfering with MRI (claustrophobia, contraindications).
Clinical variables (age, sex, disease duration, EDSS, phenotype) were gathered at the closest

time point to the MRI study.

MRIs were visually inspected by an experienced neurologist (NM). Images were
excluded from analysis due to poor MRI quality, off-center FOV, presence of spondylotic
cervical disease producing central canal stenosis / cord compression, and marked cervical
hyperextension during acquisition as this affects the neuroanatomic alignment of spinal levels

with the vertebrae.1’°

CCaA was then estimated in every MRI sequence as the mean cross-sectional area over
11 slices centred both at C2/C3 and C3/C4 intervertebral disc levels, using our validated in-
house semi-automated pipeline based on the SCT.'®® Of note, CCaA estimations were
performed using the axial reconstructions from the original sagittal acquisitions. For the current
study, a specific spinal canal template was created in the same space as the PAM50 atlas, termed
PAMS50_42, to estimate CCaA using 2D sagittal T2WI. As a quality control for segmentation,
a CV was calculated for each CCaA estimation; those with CV > 0.075 were removed.'®°
Segmentation process failures were excluded. Only subjects with CCaA estimations in all tested

MRI sequences were included.

The output of the pipeline also provided the mean SCA derived from each MRI
sequence, which was used to calculate the SCPF as the ratio of SCA to the CCaA, reported as
a percentage. Additionally, SCA and SCPF were assessed at both the C2/C3 and C3/C4
intervertebral levels. To validate the performance of the pipeline, the CCaA was manually
outlined by an experienced operator (NM) in all studied MRI sequences at the C2/C3
intervertebral disc level to obtain a manual ground truth CCaA mask (CCaA-GT).

The manual masks (CCaA-GT) and semi-automated CCaA estimations (CCaA-SCT)
from cervical cord sagittal 2DT1WI, T2WI, and STIR sequences were compared using the DSC
to validate the performance of the pipeline. The reliability of CCaA-SCT from the clinical MRI
sequences was explored using the absolute and consistency intraclass correlation coefficients
(ICC) against CCaA-SCT obtained from brain 3D T1WI, which was considered the reference

MRI sequence.

On clinical grounds, a comparative analysis of the demographic and clinical variables

was first conducted between relapsing and progressive MS using parametric and non-
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parametric tests, as appropriate. Multivariate regression models adjusted for age, sex, and SCPF
were then built to evaluate CCaA-SCT differences between MS phenotypes. We did not
consider to adjust by treatment effect, since the CCaA is a non-modifiable factor, whose area
do not change over time. Finally, the association between CCaA-SCT from all MRI sequences
and disability, measured by the EDSS score, was evaluated using Spearman correlation. All
calculations were performed at two intervertebral discs levels: C2/C3 and C3/C4. The p-value
for significance was set at p < 0.05. Statistical analysis was performed with STATA 16.1

software (StataCorp).
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The results from each project are presented in the subsections below.

6.1 Pipeline validation
When assessing the mean CCaA in the initial cohort, our pipeline failed in only 3

subjects, because the position of the brain scan was too high and did not cover the upper

segment of the cervical cord completely. After the removal of outlier subjects, the final cohort
included CCaA estimations from 8 HC and 18 pwMS. Clinical and MRI data are shown in
Table 4.

HC pwMS
n=8 n=18
Sex (female) - n (%) 5(62.5%) 11 (61.1%) 0.97
Age - mean (SD) 30.89 (1.44) 33.84 (1.98) 0.36
CCaA — mean (SD)
Cervical MRI acquisition 218.15 (4.84) 218.47 (5.23) 0.73
Brain MRI Acquisition 214.57 (3.97) 216.75 (3.47) 0.48
TIV — mean (SD) 1422.3 (0.10) 1392.9 (0.12) 0.55
T2 lesion volume — mean (SD) - 2.31 (4.09) -

Table 4. Demographical, clinical and radiological characteristics. 1p values correspond to univariate comparisons
using parametric and non-parametric tests, as convenience. CCaA is expressed in mm?; TIV is expressed in mL.
T2 lesion volume are expressed in mm?®. CCaA, cervical canal area; HC, healthy controls; pwMS, patients with

multiple sclerosis; SD, standard deviation; TIV, total intracranial volume.

Having evaluated the assumptions of linear regression (Shapiro-Wilk test, p = 0.80;
Levene test, p = 0.74; Breusch-Pagan test, p = 0.94; Durbin-Watson test, p = 0.84; and variance
inflation factor = 1.07), age- and sex-adjusted linear regression models confirmed that there
were no significant differences in the CCaA between HC and pwMS, estimated in both the
cervical cord (mean absolute difference = 0.33 mm?, b = 0.10, p = 0.54) and brain acquisitions
(mean absolute difference = 2.18 mm?, b = 0.36, p = 0.14). Consequently, to perform the
statistical analysis between different sequences with a larger sample size, we considered HC

and patients with MS as a single group (26 subjects).

In the assessment of the reproducibility of the proposed pipeline, the degree of overlap
between the CCaA masks generated by the proposed pipeline and the manual GT was excellent
with a DSC mean of 0.90 (range, 0.73-0.97). The distribution across the 4 different acquisitions
is shown in Figure 6. Agreement between the 2 evaluators was also excellent, with a DSC of

0.95 (range, 0.78-1). Furthermore, we did not find significant differences when comparing
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CCaA estimations obtained with the pipeline and the GT by a t test, either at the baseline
cervical cord TIWI (mean absolute difference = 9.56 mm?, t [25] = 1.77, p = 0.09) or brain
T1WI (mean absolute difference = 6.35 mm?, t[25] = 0.82, p = 0.42).

Te)
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Cervical Cord MRI (Baseline) D Cervical cord MRI (Follow-up)
[ Brain MRI (Baseline) [ Brain MRI (Follow-up)

Figure 6. Cervical canal area mask obtained with the proposed pipeline (green) versus the manual
segmentation (red) in a patient with multiple sclerosis. A: spinal MRI acquisition, showing a dice similarity
coefficient of 0.92. B: brain MRI acquisition, showing a dice similarity coefficient of 0.88. Figure 4C:
distribution of Dice Similarity Coefficients between Cervical Canal Area masks from the in-house pipeline

and the Ground Truth over the 4 acquisitions, both in healthy controls and patients with multiple sclerosis.
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When we compared CCaA estimations obtained from baseline and 1-year follow-up
cervical cord MRIs, the highest agreement was obtained with 11 and 17 slices (ICC = 0.76;
95% CI, 0.44-0.88, and ICC = 0.78; 95% CI, 0.56-0.90, respectively). Average ICCs are

represented in Figure 7, and they are consistently higher than individual ICCs.

CCaA (Cervical MRI): Baseline vs. Follow-up CCaA: Brain vs. Cervical MRIs

ICC

B individual IcC
average ICC

o
5slices 11slices 17slices 5slices 11slices 17slices

Figure 7. Representation of individual ICC (blue) and average ICC (yellow), calculated in 5, 11 and 17 slices.
On the left, ICC between baseline and follow-up cervical MRI. On the right, degree of concordance of CCaA

analysed in brain and cervical acquisitions. ICC: intraclass correlation coefficient. CCaA: cervical canal area.

Estimations of the CCaA with 17 and 11 slices were also highly similar when using the
Bland-Altman method, in contrast to LoA obtained with 5 slices, with a narrower and better-
centered LoA (Figure 8, left side).When comparing CCaA estimations obtained from cervical
cord T1WI acquisitions at baseline (mean = 218.37 [SD, 5.02] mm?) and follow-up (mean =
217.09 [SD, 5.62] mm?), we did not find significant differences (mean absolute paired
difference = 1.28 mm?, t[25] = 1.22, P = .23). CCaA estimations obtained from brain and
cervical cord MRIs had a high agreement, independent of the number of slices used to estimate
the CCaA (Figure 7). However, the Bland-Altman method showed a better agreement with
CCaA estimations of 17 and 11 slices, than with those obtained with 5 slices (Figure 8, right
side). When analysing absolute means, we found minimal but significant differences between
CCaA estimations from brain (mean = 216.07 [SD, 3.7] mm?) and cervical MRIs (mean = 218
[SD, 5.0] mm?) (mean absolute paired difference = 2.30, t[25] = 2.97, p = 0.006).
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Figure 8. Bland & Altman plots showing the agreement between CCaA estimations assessed in different number

of slices. On the left, it is shown the agreement between baseline and follow-up cervical cord MRI. On the right,

between brain and cervical cord MRIs. Notice that the x-axis scale of the plot analysing CCaA estimations on 5

slices is bigger than the others
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6.2 Assessment of the spinal cord reserve in a multicentric cohort

An initial set of 177 HC and 428 pwMS (289 [67.5%)] relapsing MS, and 139 [32.5%]
progressive MS) had a cervical cord 3D T1WI. After the visual quality check, 139 MRIs were
removed (35 HC [19.8%], 72 [24.9%] relapsing MS and 32 [23.0%] progressive MS). Among
these, 15/139 showed signs of cervical spondylosis, 5/139 had a vertebral cavity with a diameter
stabilization below the C2/C3 vertebral level, 13/139 exhibited marked cervical
hyperextension, 85/139 had poor MRI quality, and 21/139 had an off-centre FOV. Following
quality control, the segmentation process failed in 9 subjects. Out of 457 final participants, 18
MRIs (3.9%) were removed only from the analyses of C2/C3 level, and 7 (1.5%) were removed

from the analyses of C3/C4 level, since these CCaA segmentations displayed a CV>0.075.

Baseline demographical, clinical and MRI data of the final cohorts at both intervertebral levels
can be found in Table 5. Patients with progressive MS were significantly older with a longer
disease duration, a higher disability, and a greater number of cervical cord lesions. Excluded
participants had overlapping characteristics to the final cohort (Table 5).

6.2.1 CCaA at C2/C3 intervertebral disc level

The final cohort comprised 135 HC and 304 pwMS (207 [68.1%] relapsing MS and 97
[31.9%] progressive MS). In age and sex-adjusted regression models, there were no significant
differences in CCaA between HC and relapsing MS (214.62mm? [SD 8.42] vs. 213.68mm? [SD
9.02], p=0.40), but progressive MS showed significantly lower CCaA than HC (214.62mm?
[SD 8.42] vs. 210.51mm? [SD 10.35], p=0.007) (Figure 9).

CCaA and baseline EDDS were associated in an age- and sex-adjusted linear model (3=—0.11;
p=0.023; adjusted-R?=0.37). However, when adjusting by SCPF and number of cord lesions,
the significance disappeared (Table 6). The analysis by phenotypes including all adjusting
variables showed a significant association between EDSS and CCaA in relapsing MS (f=—0.19;
p=0.002; adjusted-R?=0.35), but not in progressive MS (Table 6). The application of jackknife
resampling in the linear regression analysis resulted in identical coefficients of predictor
variables, standard errors, and confidence intervals as those in the original model. However, the

relationship between CCaA and baseline EDSS did not reach significance at this level either.

At 5-year follow-up, 85 patients (32.7%) experienced disability progression. We did not find
differences in CCaA between patients with clinical worsening and those who remained stable
(212.01mm? [SD 9.83] vs. 213.36mm? [SD 9.16], p=0.28).
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Figure 9. Violin plots with the distribution of the cervical canal area (CCaA) assessed at C2/C3 and C3/C4
intervertebral disc levels according to the different phenotypes. Dots represent individual values. White dots show
the median, inner boxes represent Q1 and Q3, and vertical whiskers indicate Q3+/-1.5 IQR. P values were obtained

in age- and sex-adjusted regression models (see main text). HC, healthy controls; MS, multiple sclerosis.

6.2.2 CCaA at C3/C4 intervertebral disc level

The final cohort comprised 142 HC and 308 pwMS (208 [67.5%] relapsing MS and 100
[32.5%] progressive MS). As in the C2/C3 level, there were no significant differences in CCaA
when comparing HC and relapsing MS (169.67 mm? [SD 6.50] vs. 169.44mm? [SD 6.94],
p=0.76), but again, progressive MS displayed a significant smaller CCaA (169.67 mm? [SD
6.50] vs. 165.16mm? [SD 7.39], p<0.001) (Figure 7).

CCaA and baseline EDSS showed a significant association using a multivariate regression
model adjusted by age, sex, SCPF and number of cord lesions, both when including the whole
cohort (B=—0.13; p=0.009; adjusted-R?=0.43) (Table 6), and the relapsing phenotype (B=—0.16;
p=0.02; adjusted-R?=0.33). As in the C2/C3 level, the association was not significant in
progressive MS (Table 6). Jackknife resampling analysis revealed that the coefficients of the

predictor variables, along with the standard errors and confidence intervals, remained
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unchanged with and without jackknife adjustment in the whole cohort, consistent with the

original model, which enhances the association between the CCaA and baseline EDSS.

At 5-year follow-up, 86 patients (32.7%) showed disability progression. Patients with clinical
worsening showed a significant smaller CCaA at baseline compared to those who remained
stable when adjusting by age and sex (167.03mm? [SD 7.53] vs. 169.13mm? [SD 7.13], p=0.03).

However, when adjusting by SCPF and number of cord lesions, the significance disappeared.

C2/C3 C3/C4
EDSS EDSS
Whole Relapsing  Progressive Whole Relapsing Progressive
cohort MS MS cohort MS MS
CCaA B—0.05 B—0.19%++ B0.22 B—0.13%** B—0.16* B0.11
Age | B 0.50%xx B 0.48% % B -0.007 BOASHHE [ 0.45HE B -0.05
Sex (Male) B 0.05 £.0.09 B-0.32 B 0.06 £0.10 B-0.09
SC lesions | B 0.28%#* B 0.16%* B 0.26* B 0.26%% B 0.13* B 0.04
SCPF B-0.11% B—0.02 B—0.07 B—0.05 B—0.07 B—0.07
Adjusted-R? 0.44 0.35 0.10 0.43 0.33 0.01
Model p- <0.001 <0.001 0.03 <0.0001 <0.0001 0.32
value
Shapiro-Wilk
tost (CCaA) 0.001 0.17 0.11 0.12 0.37 0.89
PBre“SCh' 0.06 0.16 0.26 0.05 0.23 0.22
agan test
Co”'”ea(rl'g 1.08 1.07 1.05 1.16 1.13 1.11

Table 6. Multivariate regression models to investigate the association between EDSS and Cervical Canal Area
(CCaA) at baseline, measured at C2/C3 and C3/C4 intervertebral disc levels. The table shows adjusted beta
coefficients for each variable in every single regression model. At each vertebral level, the linear models are built
in three different ways: using the entire cohort, or only relapsing MS or progressive MS. EDSS represents the
dependent variable. Assumptions of linear regression are also being appraised. CCaA, cervical canal area; EDSS,
Expanded Disability Status Scale; IF, inflation factor; MS, multiple sclerosis; SC, spinal cord; SCPF, spinal cord

parenchyma fraction; Significance of p coefficient: ***p<0.001, **p<0.01, *p<0.05

6.3 Estimation of the CCaA in additional MRI sequences

We aimed to obtain CCaA-SCT from brain sagittal 3D T1WI, cervical cord sagittal 2D
T1WI, T2WI, and STIR sequences from the initial cohort of 52 pwMS who met the inclusion
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criteria. However, the pipeline failed when employing 2D T1WI due to the low contrast

between structures. Therefore, all analyses were conducted solely using CCaA-SCT derived

from the other MRI sequences (Figure 10).

Brain 3D TIWI Cervical 2D T2WI Cervical 2D STIR
SN ¥ f " \ M. . \

\

Sagittal

c2/C3

C3/C4

Figure 10. Exemplary case: Cervical canal area segmentation at C2/C3 and C3/C4 intervertebral disc levels
derived from the MRI sequences employed for the analysis. TIWI, T1-weighted image; T2WI, T2-weighted

image; STIR, short-tau inversion recovery.

Out of the 52 pwMS, five subjects (9.6%) were excluded from the analysis due to poor
MRI quality in one or more sequences. The segmentation process failed in one T2WI and one
STIR sequence at the C2/C3 level, and in one brain TIWI at the C3/C4 level. Additionally,
eleven (23.4%) CCaA-SCT (four in brain 3D T1WI, two in T2WI and five in STIR) displayed
a CV greater than 0.075 at the C2/C3 level, and two (4.3%) at the C3/C4 level (one in brain
T1WI, and one in STIR). Consequently, after quality control, the final cohort comprised 34 MS
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patients at the C2/C3 level and 44 at the C3/C4 level with CCaA-SCT data derived from brain
3D T1WI, and cervical cord 2D T2WI and STIR sequences.

In the assessment of agreement between manual and semi-automated CCaA masks, the
degree of overlap was excellent between CCaA-GT and CCaA-SCT using cervical cord T2WI
(DSC range = 0.92 [0.89-0.93]) and STIR sequences (DSC range = 0.90 [0.88-0.92]).

Regarding the equivalence between CCaA-SCT from cervical cord 2D T2WI, STIR and
brain 3D T1WI, the absolute and consistency ICC are detailed in Table 7. As shown, absolute
ICCs appeared to be poor at both intervertebral disc levels. In contrast, consistency ICCs ranged
from moderate to good,'®® showing a higher reliability at C3/C4 level across the three

comparison groups.

T2¥V1IVQ|3D STTITVQED T2WI - STIR
5 Abso'(us;seo/'o‘ég 019 (-0.1-0.53) 021 (-0.19-0.54)  0.63 (0.27-0.68)
O CO”SiSte’(‘g%’%gg 0.63(0.26-0.82) 0.52(0.22-0.70)  0.65 (0.30-0.82)
5 Abso'(us;seo/'o‘ég 0.13 (-0.07-0.43) 0.18 (-0.03-0.36) 0.80 (0.63-0.89)
3 CO”SiSter(‘g%’%%% 0.67 (0.38-0.82) 0.80 (0.64-0.89)  0.80 (0.63-0.89)

Table 7. Absolute and consistency intraclass correlation coefficients (ICC) and their confidence interval (95% ClI)
to assess the equivalence between different MRI sequences at the two intervertebral disc levels (C2/C3 and C3/C4).
Of note, brain 3D T1WI is the reference sequence. T1-weighted image; T2WI, T2-weighted image; STIR, short-

tau inversion recovery.

The analysis of clinical variables, including demographic, disease-related, and MRI data
for both intervertebral disc levels, is presented in Table 8. Overall, in the progressive MS group,
there was a lower proportion of females, with greater disability and longer disease duration. At
the C3/C4 level using the T2WI, progressive MS exhibited a significant smaller CCaA
compared to relapsing MS when adjusting for age, sex, and SCPF (mean CCaA absolute
difference 5.32mm?, 95%CI 0.96-9.68, p 0.044). Although there were also consistent mean
numerical CCaA differences (smaller CCaA in the progressive group) measured with the other

sequences at both C2/C3 and C3/C4 levels, they did not reach statistical significance.
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C2/C3 level C3/C4 level

Relapsing Progressive Relapsing  Progressive
MS MS p MS MS p
N=23 N=11 N=27 N=17
Sex [female]: n (%) 21 (91.3) 7 (63.70) 0.048 24 (89.9) 11 (64.7)  0.052
Age [years] 49.01(10.91) 50.25(5.86) 072 | 47.84(12.13) 50.82(5.05) 0.34
EDSS: p50 (IQR) 2 (15-13) 5 (4 -6) <0.001| 2(1-3) 55(45-6.5) <0.001
DD [years] 15.13(7.77)  21.06 (11.56) 0.08 | 14.56 (7.84) 20.50 (10.25) 0.03
CCaA - Brain
aDT1w| 214-22(643)  210.95(4.09) 015 | 168.65(7.07) 166.85(4.03) 0.87
CCaA - Ce%'\‘/’\‘j‘l' 233.49 (8.19) 231.82(9.23) 0.16 | 193.58(7.79) 189.26 (5.38) 0.041
CCaA - Cers‘ﬁ‘;' 230.49 (11.87) 226.23(14.48) 0.11 | 192.73(7.81) 189.37 (6.63) 0.66

Table 8. Demographical, clinical and cervical canal measures using different MRI sequences at C2/C3 and C3/C4

intervertebral disc levels. Comparisons of variables between multiple sclerosis phenotype groups were conducted

using parametric and non-parametric test, as convenience. CCaA is measured in mm?. If not indicated otherwise,

variables are reported as mean (SD). CCaA, cervical canal area; DD, disease duration; MS, multiple sclerosis; p50,

median value; IQR, interquartile range; SD, standard deviation, TIWI, T1-weighted image; T2WI, T2-weighted

image; STIR, short-tau inversion recovery; mm?, squared millimetres

Lastly, we explored the role of CCaA measurements as a surrogate marker for spinal cord

reserve. At the C3/C4 level, a significant correlation was observed between CCaA-SCT and
EDSS when employing T2WI: rho -0.34, p 0.023 (Figure 11). However, no significant

correlation was found using STIR or brain 3D T1WI, despite observing a consistent trend.

Additionally, at the C2/C3 level, no significant correlations were observed.
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Figure 11. Spearman correlations with the 95% confidence interval between cervical canal area (CCaA) assessed

in different MRI sequences and EDSS scores at C3/C4 intervertebral disc level. CCaA is measured in mm?,

T1WI, T1-weighted image; T2WI, T2-weighted image; STIR, short-tau inversion recovery.
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The current thesis builds on the first formal attempt to define the concept of spinal cord
reserve in MS through a comprehensive analysis of the CCaA as a surrogate marker, drawing
on the established concept of brain reserve. For this purpose, we first developed and validated
a methodology based on the SCT to obtain reproducible measures of the CCaA from brain and
cervical cord sagittal 3D T1WI. Secondly, we applied the pipeline on a multicentre cohort of
well-characterized pwMS and HC to examine CCaA differences among groups and MS
phenotypes, and explore its potential association with disability progression. Finally, we
evaluated the performance of our pipeline in estimating CCaA using the most commonly
employed MRI sequences in clinical practice. The ultimate goal of this thesis was to validate
the CCaA as a reliable marker for spinal cord reserve, thereby advancing the understanding of
disability progression in MS through three consecutive and complementary projects.

The basis of this thesis lies in a preliminary cross-sectional study that analysed the
CCaA in a multicentre cohort, demonstrating that CCaA was independently related to self-
perceived disability.'®® In that study, CCaA was estimated from brain MRI acquisitions, no
information on disease phenotypes was available, and EDSS scores were unavailable, as
disability was measured by the PDDS. To our knowledge, no other studies have been published
in this field. Consequently, the present thesis was undertaken to confirm these initial findings,
and was conceptualized to address the methodological, neuroimaging and clinical translation

aspects inherent to the concept of spinal cord reserve.

The first step involved establishing a methodology to reliably estimate CCaA with an
acceptable balance of time and efforts. Therefore, our group created an in-house semi-
automated segmentation pipeline based on SCT. We validated this tool by comparing the
generated masks with the corresponding manual GT both from brain and cervical cord 3D
T1WI. The overlap was excellent, and significant differences were not found when comparing
both measurement methods, indicating that the proposed pipeline seems to appropriately
measure the CCaA.

To date, CCaA variations across time have not been analysed before, though changes
were not expected a priori under physiological conditions.t! We verified its consistency during
a l-year period by assessing the measurement in baseline and follow-up cervical T1WIs.
Consequently, the CCaA could be used in future studies as a proxy for the premorbid status of
the spinal cord, because stability across time is a prerequisite for such use. Similar to other
cervical cord area measurement methods,**® we considered it more appropriated to calculate the

mean area over a few sections rather than just one. Increasing the number of sections used
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would typically reduce measurement variability. However, in the case of the spinal canal,
variability could increase because sections may cover regions where the canal area
physiologically increases toward the foramen magnum. To determine the optimal number of
sections, we calculated ICCs using CCaA estimations with the SCT across 5, 7, and 11 slices
centred at the midpoint of the C2/C3 vertebral disc. The study showed a good level of
concordance between time points, obtaining the highest individual ICC when using 11 and 17
slices for the analysis, compared with 5 slices. We considered that differences in the ICC
between the number of slices were related to minor inaccuracies in subject repositioning; hence,
the lower the number of slices used to calculate the CCaA, the greater the variability found
among patients. In addition, we tested the robustness of CCaA estimations obtained from brain
and spine scans, obtaining good agreement between them. Similar ICC values across the
different numbers of slices used to calculate the CCaA may be because no repositioning is

needed between brain and spine acquisitions.

Overall, ICCs obtained were lower than those reported in other validation studies.'%8't A
possible explanation might be that the individual ICC has been reported instead of the average,
which tends to minimize variations and provides higher ICCs. Moreover, although the degree
of agreement between CCaA estimations from brain and cervical MRIs was not excellent and
there were significant differences between both measurements, the mean difference was inferior
to 3 mm? in the paired t-test analysis. As the in-house pipeline failed in 3 subjects when using
17 slices, it might be advisable to use the 11-slice approach, which provides similar

reproducibility parameters.

Once we had a validated tool to obtain reproducible measures of CCaA, we proceeded
to apply it in a multicentre cohort with different scanners and MRI protocols. We aimed to study
for the first time CCaA variations across all MS phenotypes and HC. For this purpose, we had
cervical cord 3D T1WI, so we assessed the CCaA as the mean CSA centred at both the C2/C3
and C3/C4 intervertebral disc levels. Our CCaA estimations are fully in line with those
documented by Kato and coworkers!! in a study with 1211 HC. They reported a CCaA for 40-
year-old males of 211.4 mm? at the C2/C3 level, and 170.7 mm? at the C3/C4 level, compared
to our values of 214.62mm? at the C2/C3 level, and 169.67mm? at the C3/C4 level.

In the examination of CCaA across phenotypes, we observed no differences in CCaA between
HC and relapsing MS. This finding supports the use of CCaA as a surrogate measure of maximal
spinal cord lifetime growth, and reinforces its use to test the concept of spinal cord reserve in
MS.

69



7. Discussion

In contrast, progressive MS displayed a significantly lower CCaA than HC and relapsing MS.
We have verified this finding by measuring the CCaA at 2 different intervertebral disc levels,
C2/C3 and C3/C4. In light of these results, it seems that a smaller CCaA could be a feature of
progressive forms of MS, and it might be one of the factors related to the progressive spastic
paraparesis that these patients present either from the beginning or through the evolution of the
disease.1’217 However, this finding needs further testing in cohorts including higher number of
patients with progressive phenotypes.

In this second study, we included all MS phenotypes, and disability was measured by
EDSS, the most widely used instrument in clinical practice and clinical trials.*! Spearman’s
correlation and multivariate linear regression models (mainly at C3/C4 level) did confirm the
association between baseline EDSS and CCaA. These findings may support the existence of
the spinal cord reserve, hence a larger CCaA could be protective against disability in MS. In
the subgroup analysis by phenotypes, the association between CCaA and EDSS did not reach
statistical significance in the progressive phenotype. This may be due to the fact that, in the
present cohort, patients with progressive MS exhibited a very narrow range of EDSS scores
(50% of progressive patients had EDSS scores of 6.0 or 6.5), thus hampering statistical

associations.

The jackknife resampling technique yielded nearly identical results to the original
multivariate regression model using the entire cohort. Coefficients of predictor variables and
the adjusted R-squared value remained unchanged. Confidence intervals generated through
jackknife adjustment closely matched those from the original model. Consistent coefficients
across iterations suggest high reliability, indicating minimal influence from specific data points.
Overall, the jackknife method has enhanced the robustness of the association between CCaA
(at C3/C4 level) and baseline EDSS.

We observed that patients with disability progression at 5-year follow-up exhibited
smaller CCaA at baseline in age- and sex-adjusted linear models. These results are again
supportive of the concept of spinal cord reserve and point towards considering CCaA as a non-
modifiable contributor for clinical progression. Admittedly, when adjusting also by SCPF and
the number of cervical cord lesions, linear models did not reach significance. The potential of
spinal cord atrophy*®3"417> and the presence of cervical cord lesions’®"" as disability
predictors has been well-demonstrated. In that sense, the role of CCaA in disability worsening
is likely to be modest, especially when compared to the other two mentioned, more robust,

pathology-driven, variables.
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In the quality check, the main reason of exclusion was poor MRI quality. As discussed
in the Introduction, spinal cord has some particularities that make the imaging process
technically challenging. Therefore, an accurate quality check is still crucial to obtain reliable
data for subsequent statistical analysis. Additional exclusion criteria in this study were the
presence of cervical spondylosis and anatomical variations of the spinal canal, which were not
as relevant as the MRI quality in our cohort. Conversely, the number of excluded subjects based
on the CV criteria was very low compared to our previous study,'®® where the CCaA
segmentation was performed in brain MRIs. CCaA segmentation in dedicated cervical cord
169

MRI has been proven to provide more stable measurements,
cord MRI in MS.

which outlines the use of spinal

We obtained consistent, but not fully identical results when analysing data from C2/C3
and C3/C4 CCaA segmentations. Interestingly, results derived from the C3/C4 analysis showed
stronger correlations, higher beta coefficients, and more frequent statistically significant
associations in multivariate linear regression models. We hypothesized that such differences
are related to the fact that the cervical canal anatomy varies along its length, showing significant
decreases from C1 to C3, and achieving a more stable diameter from C3 to C7.111%
Consequently, C3/C4 CCaA measurements exhibit reduced variability across the 11 slices used
to calculated the spinal canal area, which is reflected by smaller SDs (see Results). Additionally,
fewer participants are excluded based on the CV criteria in C3/C4 CCaA segmentations,
possibly due to the more stable measurements at this level (Figure 12). All these findings

support segmentations at C3/C4 level to obtain CCaA estimations.

Figure 12. Exemplary case. Qualitative differences in CCaA segmentation at C2/C3 intervertebral disc level (red)
and at C3/C4 level (green). A: we observed an overestimation of the CCaA in the segmentation at this level. B:

CCaA segmentation is more accurate at C3/C4 in the same subject. CCaA, cervical canal area.
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Generally, the assessment of spinal cord CSA or volume has relied on 3D T1WI owing
to the high contrast between the spinal cord and CSF,'' facilitating accurate delineation by
automated or semi-automated segmentation softwares.!® We also employed T1WI to
segmentate the CCaA for the first two studies in this thesis. However, we acknowledge that the
contrast between the CSF and the spinal canal structures (mainly the soft tissues and bone)*
is remarkably poorer in TIWI. Conversely, other clinical MRI sequences commonly used in
clinical practice,?® such as 2D TIWI, T2WI, and STIR, offer improved image contrast between

these compartments, although their utility has not been studied yet in this field.

In this context, we designed the third study to assess the performance of our validated
pipeline for measuring the CCaA using non-volumetric spinal cord sequences as an alternative
to the brain sagittal 3D T1WI. We observed an excellent degree of overlap when comparing
manual and semi-automated CCaA masks obtained from cervical T2WI and STIR acquisitions.
Furthermore, we obtained good consistency ICCs when comparing CCaA segmentations from
cervical cord T2WI and STIR sequences against brain 3D T1WI. Clinically, progressive MS
patients also displayed a significantly smaller CCaA, and there was a significant negative

correlation between CCaA and EDSS score, particularly when using T2WI.

We could not obtain CCaA estimations from cervical 2D T1WI. We hypothesized that the
pipeline failed to localize different structures due to the low contrast between the CSF and the
surrounding tissues. An important step in the image processing is the segmentation of the
cervical cord using the DeepSeg algorithm of the SCT. Indeed, this step failed in almost all
subjects. Therefore, volumetric acquisitions seem to be required to estimate the CCaA from
TIWI.

Conversely, we did obtain CCaA measurements derived from T2WI and STIR sequences. To
validate the segmentations, we compared the CCaA-SCT and CCaA-GT masks through the
DSC, obtaining an excellent degree of overlap with the masks derived from both acquisitions.
A higher contrast between the CSF and other structures allows a valid and consistent
segmentation of the spinal canal even when the MRI sequences are not isotropic. However, as
CCaA was conducted using the axial reconstructions from the original sagittal acquisitions, the
resulting axial images showed poor resolution. Several Al tools are currently being explored as
potential solutions to generate T1-like contrast images and high isotropic resolution from any

type of MRI contrast or orientation.’®

Regarding the absolute values of the CCaA obtained with the different sequences, those

from the brain 3D T1W!I are fully in line with the previously reported spinal canal areas at the
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two explored intervertebral disc levels.*11%° However, CCaA measurements from T2WI and
STIR sequences are substantially larger (Table 10), as indicated by the low absolute ICCs
(Table 9). Interestingly, consistency ICCs between the T2WI and STIR sequences and brain 3D
T1WI are good, suggesting a systematic rather than a random or unpredictable difference.'6®
Therefore, while there is good agreement among CCaA estimated from different sequences,
their absolute measures are not interchangeable when exploring the spinal cord reserve. We
attribute these systematic differences to the fact that the spinal canal template used to
segmentate the CCaA is not the same when using TIWI or T2WI, as these two sequences are
weighted towards different aspects of tissue composition. Another factor may be that brain
acquisitions are volumetric, while T2WI and STIR sequences tested are not. However, in an
exploratory analysis, we artificially modified the voxel size of brain acquisitions to make them
non-isotropic (1x1x3 mm3), and subsequent CCaA estimations did not differ from the original

ones (data not shown).

As a secondary aim, to further test the clinical validity of the present findings, we
explored the usefulness of the different MRI sequences to assess the spinal cord reserve.
Progressive MS patients displayed a significantly smaller CCaA compared to relapsing patients,
adjusted for age, sex, and SCPF when using CCaA derived from T2WI at the C3/C4 level. This
suggests that a smaller spinal canal, and thus a lower spinal cord reserve, might be a feature of
progressive MS, consistent with observations in the second project. In addition, CCaA
measurements appeared to be correlated with the EDSS score, supporting the role of CCaA as
a proxy for spinal cord reserve, so that a larger CCaA seems to be a protective factor against
physical disability in MS.1° We observed similar trends when using the other sequences and

repeating the analyses at the C2/C3 level, although the results did not reach significance.

As previously reported, ICCs and correlation results are stronger when investigated at the
C3/C4 in comparison to the C2/C3 intervertebral disc level. Again, we attributed these
differences to the anatomical variations of the spinal canal along its length,**%?7 particularly in

the cervical region.

The output of the pipeline included the mean cross-sectional area of the spinal canal
from C2 to C5 (Figure 13). The described cervical canal area variations are more evident when
exploring the spinal canal using T2WI and STIR sequences. In contrast, the spinal canal
variations outlined with the brain acquisition appeared to continue decreasing below the C3/C4
level. These findings underscore the importance of selecting appropriate vertebral levels and

imaging sequences for accurate measurement of the CCaA.
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Cervical Canal Area [mm?] C2-C5

mCCaA-T2

CCaA - STIR

CCaA-3DT1

Figure 13. Mean cross-sectional area and sagittal profile of the spinal canal from C2 to C5 in cervical cord 2D
T2WI, STIR, and brain 3D T1WI (sagittal profile extends to the lowest point of C4, shown in yellow). The figure
includes a cervical cord T2WI. T1WI, T1-weighted image; T2WI, T2-weighted image; STIR, short-tau inversion

recovery.

Taken together, these results demonstrated that our in-house built semi-automated
segmentation pipeline has proven to provide reliable and reproducible CCaA measures from
brain and cervical cord 3D T1WI, as well as from cervical cord 2D T2WI and STIR sequences.
While the absolute mean values across these sequences differ significantly, they are statistically
associated. However, CCaA estimations from the different sequences are not interchangeable.
Conversely, since the tool has also proven accurate with non-volumetric MRI sequences, it
could potentially be used in clinical settings to estimate individual spinal cord reserve during

the evaluation of a pwMS.

In the statistical analysis of CCaA, we found overlapping but not identical results when
exploring the spinal canal in different MRI acquisitions and at different intervertebral disc
levels. At the C2/C3 level, CCaA estimations derived from both brain and cervical cord MRIs
do not appear to be clinically different. In contrast, at the C3/C4 level, CCaA from brain MRI
tends to be underestimated compared to measures from dedicated cervical cord MRIs. This

discrepancy is likely due to the fact that lower cervical levels in brain MRIs are located at the
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periphery of the FOV, where gradient nonlinearity effects are substantial,'’* leading to an
underestimation of the CCaA in this acquisition. Although it is possible to reliably measure the
cervical cord area and CCaA using brain acquisitions,*®® we recommend dedicated cervical cord
MRI when analysing the CCaA at the C3/C4 level.

In addition, we did not consider estimating the CCaA in lower intervertebral disc levels even in
cervical cord acquisitions. As it is reported in the literature,X’%80 degenerative cervical
pathology and cervical disc herniations mostly occurred in the lower segments of the cervical
column, being more commonly observed at C5/C6 level. Consequently, assessing the CCaA

below the C5 intervertebral level could lead to underestimations of the real spinal canal area.

Clinically, we found intriguing results across MS phenotypes regarding CCaA
measurements. HC and relapsing pwMS did not show significant differences in CCaA
measures, suggesting that CCaA may indeed reflect the premorbid status of the spinal cord.
However, a consistent trend emerged when analysing progressive MS: subjects with smaller
CCaA measurements were associated with progressive forms of the disease. This suggests that
a smaller CCaA may serve as a non-modifiable risk factor, potentially contributing, in
conjunction with other factors, to the development of a progressive phenotype. Furthermore,
we consistently observed a significant negative correlation between the CCaA and the EDSS
score, both in cervical cord 3D T1WI and 2D T2WI. Besides, pwMS who experienced disability
progression at 5-year follow-up displayed smaller CCaA at baseline MRI. All of these findings
collectively represent the underpinnings of spinal cord reserve, wherein the CCaA arises as a
reliable surrogate marker with an impact on physical disability, particularly in relation to the

ambulatory function in MS, and disability progression throughout the disease course.

Overall, the current thesis contributes to the forefront of research by providing
foundational evidence that supports the existence of a spinal cord reserve in MS. We have
uncovered interesting associations between the spinal canal area, MS phenotypes, and
disability. Furthermore, we believe that the spinal cord reserve may represent a novel
radiological feature to better understand physical disability development, and its role might be

further extended to other neurological disorders.

The three studies that comprise this thesis, along with the aforementioned results, share
certain limitations that should be considered in the interpretation of the findings. Firstly, our
pipeline entails manual labelling of the C2/C3 and C3/C4 intervertebral disc levels, which

substantially increases processing times, especially in larger cohorts, compared to a fully
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automated segmentation process. Nonetheless, this operator intervention ensures meticulous

delineation of levels and facilitates rigorous quality assessment of MRI data.

Another shared limitation lies in the retrospective design of all three studies. This aspect is
particularly relevant when analysing the association between CCaA and clinical outcomes,
primarily EDSS scores and disability progression. Retrospective designs inherently possess
limitations in establishing causality or temporal relationships. Therefore, a prospective design,
coupled with longer follow-up times, is warranted to better elucidate the impact of spinal cord

reserve on disability.

Furthermore, it is important to note that both methodological studies, including the validation
of the pipeline and the CCaA estimation in different MRI sequences, featured relatively small
sample sizes, which may account for the variability observed in the range of ICCs obtained.
Increasing the sample size will improve the reliability and robustness of these methodological

approaches.

Lastly, progressive patients were generally older across our studies, had longer disease duration,
and exhibited a narrower range of EDSS scores. Addressing such biases in future investigations
is paramount for a more nuanced comprehension of the role of CCaA in this specific patient
cohort. Besides, further studies are needed to establish the difference in CCaA among SPMS
and PPMS patients.
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The main conclusions of this thesis are:

1. Our segmentation pipeline based on the SCT provides reproducible and reliable CCaA
estimations from both brain and cervical cord 3D T1WI. Therefore, brain CCaA
estimations might be considered to assess spinal cord reserve when dedicated cervical

sequences are not available.

2. Progressive MS patients exhibited a smaller CCaA, suggesting that a lower spinal cord

reserve might be a feature of progressive MS phenotype.

3. CCaA was associated to EDSS, using spinal cord acquisitions and a longitudinal follow-

up, which confirms the possible existence of a spinal cord reserve.

4. CCaA segmentation is feasible on 2D sagittal T2WI and STIR, showing a good
equivalence to volumetric brain TIWI. This potentially facilitates the estimation of

individual spinal cord reserve in a clinical setting.
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As discussed in previous sections of this thesis, the analysis of individual MRI metrics,
such as volume loss or lesion burden, does not fully account for disability in MS. A relevant
factor that contributes to explaining the different disease trajectories over time in pwMS is the
concept of reserve. This is understood as the capacity to maintain functionality despite disease,
serving as an indirect marker of the remaining functionally intact neurons after pathological

insults.

Considerable research in the existing literature has focused on brain reserve and cognitive
reserve in MS. Additionally, the concepts of physical reserve and lifelong enrichment are being
explored. Within this context, we have built the current thesis to establish the methodological

and clinical basis for spinal cord reserve in MS.

Overall, different types of reserve are being investigated independently, yet there is a lack of a
holistic perspective to assess cognitive and physical disability in MS. Therefore, we advocate
for a paradigm shift toward a more comprehensive understanding by considering both brain and
spinal cord perspectives as structural reserves, and cognitive and physical perspectives as
functional reserves. Collectively, the integrated combination of these four types of reserve will
constitute the CNS reserve. This new conceptual framework will open a window in research,
broadening the field of disability in MS. It will offer new perspectives and approaches to better
understand this complex disease, potentially leading to more effective strategies for assessing
and managing disability in pwMS. By considering the interplay between brain, spinal cord,
cognitive, and physical reserves, researchers and clinicians can develop a deeper understanding
of how MS affects individuals differently and tailor interventions to maintain and improve
quality of life for pwMS.
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Validation of a New Semiautomated Segmentation Pipeline
Based on the Spinal Cord Toolbox DeepSeg Algorithm to
Estimate the Cervical Canal Area

N. Mongay-Ochoa, . Pareto, ““M. Alberich, ©“M. Tintore, ©X. Montalban, A, Rovira, and ). Sastre-Garriga
=

ABSTRACT

BACKGROUND AND PURPOSE: As in the brain reserve concept, a larger cervical canal area may also protect against disability. In
this context, a semiautomated pipeline has been developed to obtain quantitative estimations of the cervical canal area. The aim
of the study was to validate the pipeline, to evaluate the consistency of the cervical canal area measurements during a 1-year pe-
riod, and to compare cervical canal area estimations obtained from brain and cervical MRI acquisitions.

MATERIALS AND METHODS: Eight healthy controls and 18 patients with MS underwent baseline and follow-up 3T brain and cervical
spine sagittal 3D MPRAGE. The cervical canal area was measured in all acquisitions, and estimations obtained with the proposed
pipeline were compared with manual segmentations performed by 1 evaluator using the Dice similarity coefficient. The cervical
canal area estimations obtained on baseline and follow-up TIWI were compared; brain and cervical cord acquisitions were also
compared using the individual and average intraclass correlation coefficients.

RESULTS: The agreement between the manual cervical canal area masks and the masks provided by the proposed pipeline was excel-
lent, with a mean Dice similarity coefficient mean of 0.90 (range, 0.73-0.97). The cervical canal area estimations obtained from baseline
and follow-up scans showed a good level of concordance (intraclass correlation coefficient = 0.76; 95% Cl, 0.44-0.88); estimations
obtained from brain and cervical MRIs also had good agreement (intraclass correlation coefficient = 0.77; 95% Cl, 0.45-0.90).

CONCLUSIONS: The proposed pipeline is a reliable tool to estimate the cervical canal area. The cervical canal area is a stable mea-
sure across time; moreover, when cervical sequences are not available, the cervical canal area could be estimated using brain TIWI.

ABBREVIATIONS: CCaA = cervical canal area; FA = flip angle; GT = ground truth; HC = healthy controls; ICC = intraclass correlation coefficient; LoA
limits of agreement; pwMS = patients with multiple sclerosis; SCT = Spinal Cord Toolbox; SD = standard deviation

I n patients with MS, the progression of neurologic disability can-  a larger cervical canal area (CCaA), which may be taken as a proxy
not be explained only by the accumulation of brain white mat-  for maximal lifetime spinal cord growth, may also protect against
ter lesions." Because neurodegenerative damage of the cervical  disability.”

cord is present in most patients with MS,? recent work has dem- In this context, a semiautomated pipeline has been developed to
onstrated the value of cervical cord atrophy as an independent  obtain quantitative estimations of the CCaA based on brain and
prognostic factor for disability.” cervical 3D TIWI, using the Spinal Cord Toolbox (SCT; https:/

In homology to the brain reserve concept, which implies that ~ www.nitrc.org/projects/sct/). To validate the reproducibility of the
individuals with a larger premorbid brain (estimated using total in-  proposed pipeline, we compared CCaA measurements obtained
tracranial volume as a proxy of maximal lifetime brain growth)  with the SCT with those obtained with the manual ground truth
have a lower risk of MS-related cognitive and physical impairment,  (GT), both in healthy controls (HC) and patients with MS. Then,
the performance of the pipeline was evaluated by assessing the
Received November 12, 2022; accepted after revision May 11, 2023, CCaA at baseline and 1-year follow-up (scan-rescan test) and evalu-

From the Department of Neurology (NM.-O., M.T, X.M.,}.5.-G)), Multiple Sclerosis ating CCaA measurements obtained with brain and cervical TIWI.
Centre of Catalonia, and Section of Neuroradiology (D.P., M.A., A.R), Department

of Radiology, Hospital Universitari Vall d'Hebron, Barcelona, Spain.

Please address correspondence to Deborah Pareto Onghena, PhD, Section of MATERIALS AND METHODS

Neuroradiology, Department of Radiology (ID!), Vall d'Hebron, University Hospital, s

Pg Vall d'Hebron 119-129, 08035 Barcelona, Spain; e-mail: Data Acquisition

deborahpareto.idi®@gencat.cat An initial set of 10 HC and 21 patients with MS underwent base-
B indicates article with online supplemental data. line and follow-up brain and cervical spine sagittal 3D MPRAGE.
httpy//dx.doi.org/10.3174/ajnr.A7899 All MRI scans were acquired in a 3T system (Tim Trio; Siemens)
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using the following acquisition parameters: TR = 2300 ms, TE =
2.98 ms, TI = 900 ms, flip angle = 9°, voxel size = 1 x 1 x Imm?’;
brain FOV = 240 x 256 x 176, cervical FOV = 240 x 25 x 128.
Additionally, all subjects underwent a brain 2D FLAIR scan (TR =
9000 ms, TE = 93 ms, TI = 2500 ms, flip angle = 120°, voxel size =
0.49 x 0.49 x 3.0 mm®). The positioning protocol was the same
across all subjects. The project was approved by the local ethics
committee, and subjects signed an informed consent.

Image Processing

The CCaA was measured in all acquisitions using the following
in-house pipeline based on the SCT (Version 5.0.1):° First, a seg-
mentation of the cervical cord was obtained with the DeepSeg
algorithm. Then, the posterior tip of the C2-C3 intervertebral
disc was manually labeled by 2 evaluators (a neurologist with a 7
years” experience and an MRI technician with 11 years™ experi-
ence). The output from the DeepSeg algorithm, along with these
manual intervertebral disc landmarks, was used to normalize the
images to the PAMS0 atlas,” an unbiased multimodal MRI tem-
plate of the full spinal cord (C1-L2 vertebral level) and brainstem
where several spinal cord structures have been predefined.
Previously, a spinal canal template covering from C1 to C5 was
created by our research group in the same space as the PAMS50
atlas and was added to the predefined structures (PAMS50_41;
Online Supplemental Data). A spinal canal segmentation mask was
created in the same space as the atlas and added to the predefined
structures, including the spinal canal template. Then, the images
were normalized using the inverse normalization matrix, as pro-
posed by SCT, and finally, the spinal canal mask was transferred
from the atlas space to the native space (Fig 1).

Additionally, the total intracranial volume was assessed in all
subjects using the TIWT sequences with statistical parametric map-
ping software (SPM; http://www.filion.uclac.uk/spm/software/
spm12); the lesion volume was estimated using 2D FLAIR MRI
with the Lesion Segmentation Toolbox, included in the SPM soft-
ware (https://www.applied-statistics.de/lst.html).

Statistical Analysis

CCaA was then estimated as the mean cross-sectional area across
either 5, 11, or 17 slices centered on the C2-C3 intervertebral
disc, representing the 3 groups of comparisons. Anatomically, 5
slices usually cover the C2-C3 cervical disc, 11 slices cover from
the lower margin of C2 to the upper margin of C3; and 17 slices
cover from the odontoid basis to the midpoint of the posterior
arch of C3 (a certain intersubject variability is detected in those
limits according to the individual anatomy).

To identify outlier CCaA estimations, we removed all meas-
ures with a value beyond 1.5 times the interquartile range.®

Then, CCaA estimations in HC and patients with MS were
compared by a multivariable regression model adjusted for age
and sex; CCaA estimations from baseline and follow-up cervical
cord scans and from brain and cervical MRIs were also compared
using a paired ¢ test.

To assess the reproducibility of the proposed pipeline, we com-
pared the CCaA estimations obtained from the cervical cord and
brain TIWTI at 2 different time points with the proposed pipeline
manual segmentations performed by 1 evaluator, considered the

2 Mongay-Ochoa @ 2023 www.ajnr.org

GT, using the Dice similarity coefficient.” In addition, a second
evaluator manually outlined the CCaA to assess the interoperator
variability. Additionally, we compared the CCaA mean obtained
with the manual GT at baseline for the cervical cord and brain
scans using a paired f test. The GT, considered the reference value,
was measured at the midpoint of C2-C3.

Finally, CCaA estimations obtained on baseline and follow-up
cervical cord TIWI were compared; brain and cervical cord
acquisitions were also compared using the individual and average
intraclass correlation coefficient (ICC)'" and the Bland-Altman
method with their limits of agreement (LoA). Statistical analysis
was performed with STATA 16.1 software (StataCorp). Before we
performed a ¢ test, the normal distribution of different variables
was evaluated using the Shapiro-Wilk test, and the homogeneity
of variances was determined by the Levene test. To appraise
assumptions of linear regression, we checked the normality of
residuals using the Shapiro-Wilk test; homoscedasticity was eval-
uated with the Breusch-Pagan test; independence of observations
was determined using the Durbin-Watson test; and collinearity
was assessed by the variance inflation factor. The P value for sig-
nificance was set at P <.05.

RESULTS

The proposed pipeline failed in only 3 subjects when using 17 sli-
ces to obtain the mean CCaA, because the position of the brain
scan was too high and did not cover the upper segment of the cer-
vical cord completely.

After we removed 2 HC and 3 patients with MS, the final
cohort included CCaA estimations from 8 HC and 18 patients
with MS. Clinical and MRI data are shown in the Table. After we
evaluated assumptions of linear regression (Shapiro-Wilk test,
P = .80; Levene test, P = .74; Breusch-Pagan test, P = .94; Durbin-
Watson test, P = .84; and variance inflation factor = 1.07), age-
and sex-adjusted linear regression models confirmed that there
were no significant differences in the CCaA between HC and
patients with MS, estimated in both the cervical cord (mean abso-
lute difference = 0.33 mm? B = 0.10, P = .54) and brain acquisi-
tions (mean absolute difference = 2.18 mm?, B =036, P = .14).
Consequently, to perform the statistical analysis between different
sequences with a larger sample size, we considered HC and
patients with MS as a single group (26 subjects).

In the assessment of the reproducibility of the proposed pipe-
line, the degree of overlap between the CCaA masks generated by
the proposed pipeline and the manual GT was excellent with a
Dice similarity coefficient mean of 0.90 (range, 0.73-0.97). The dis-
tribution across the 4 different acquisitions is shown in Fig 2.
Agreement between the 2 evaluators was also excellent, with a Dice
similarity coefficient of 0.95 (range, 0.78-1). Furthermore, we did
not find significant differences when comparing CCaA estimations
obtained with the pipeline and the GT by a £ test, either at the base-
line cervical cord TIWI (mean absolute difference = 9.56 mm?, ¢
[25] = 1.77, P = .09) or brain TIWI (mean absolute difference =
6.35 mm?, £{25] = 0.82, P = .42).

When we compared CCaA estimations obtained from base-
line and 1-year follow-up cervical cord MRIs, the highest agree-
ment was obtained with 11 and 17 slices (ICC = 0.76; 95% CI,
0.44-0.88, and ICC = 0.78; 95% CI, 0.56-0.90, respectively).
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Brain TIWI1

Baseline 1-year Follow-up

Manual labelling (c2-C3)

CCaA-GT CCaA -SCT

OUTPUT
Cervical Canal Area and Mask

STATISTIC ANALYSIS: output

DeepSeg algorithm

Cervical Cord TIWI

Baseline

Normalization
Atlas Space

Inverse
Normalization
Native Space

PAMS0_41
Spinal Canal template

Mean Area: 5 slices

¢ CCaA (mm?): HC and pwMS — No differences, considered as a single group

¢ CCaA-GT & CCaA — SCT (masks): Dice similarity coefficient

¢ CCaA: Baseline & Follow-up cervical cord MRI: Intraclass Correlation Coefficient
¢ CCaA: Brain & Cervical cord MRI (baseline): Intraclass Correlation Coefficient

FIG 1. Graphical representation of the proposed pipeline to estimate the cervical canal, including the MRI sequences, a flowchart, the assess-
ment of the mean cervical canal area across the different number of slices, and the statistical analysis performed.

Average ICCs are represented in Fig 3, and they are consistently
higher than individual ICCs. Estimations of the CCaA with 17
and 11 slices were also highly similar when using the Bland-
Altman method, in contrast to LoA obtained with 5 slices, with a
narrower and better-centered LoA (Fig 4, left side). When com-
paring CCaA estimations obtained from cervical cord TIWI

acquisitions at baseline (mean = 218.37 [SD, 5.02] mm?) and fol-
low-up (mean = 217.09 [SD, 5.62] mm?), we did not find signifi-
cant differences (mean absolute paired difference = 1.28 mm’,
1[25] = 1.22, P = .23).

CCaA estimations obtained from brain and cervical cord
MRIs had a high agreement, independent of the number of slices
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Demographic, clinical, and radiologic characteristics of HC and patients with MS

differences between CCaA estimations

Patients with MS

from brain (mean = 216.07 [SD, 3.7]

HC (n = 8) (n =18) P Value® mm?) and cervical MRIs (mean = 218
Sex (female) (No.) (%) 5(62.5%) 1 (61.1%) 97 [SD, 5.0]2 mm?) (mean absolute paired
Age (mean) (SD) (yr) 30.89 (1.44) 33.84 (1.98) 36 difference = 2,30, 1[25] = 2.97, P —
CCaA (mean) (SD) (mms)
Cervical MRI acquisition 21815 (4.84) 218.47 (5.23) 73 006).
Brain MRI acquisition 214.57 (3.97) 21675 (3.47) 48
Total intracranial volume (mean) (SD) (mL) ~ 1422.3 (0.10) 1392.9 (0.12) 55 DISCUSSION

T2 lesion volume (mean) (SD) (mm°) —

231(4.09) N

In the present study, we validated a

Note: —Dash indicates not information available; HC: healthy controls; pwMS, patients with multiple sclerosis; SD,

standard deviation.

?Values correspond to univariate comparisons using parametric and non-parametric tests, as convenience,

semiautomated segmentation pipeline
to estimate the CCaA on the basis of
the SCT by comparing the generated
masks with a manual GT. The overlap
was excellent, and significant differen-
ces were not found when comparing
both measurement methods, indicat-
ing that the proposed pipeline seems
to appropriately measure the CCaA.
Additionally, we have shown that the
CCaA is stable for a 1-year period in
all subjects. Finally, the CCaA could be
properly estimated using either brain
or cervical cord MRIs.

To our knowledge, CCaA varia-
tions across time have not been ana-
lyzed before, though changes were not
expected a priori."" We verified its con-
sistency during a 1-year period by assess-
ing the measurement in baseline and
follow-up cervical TIWTIs. Consequently,

the CCaA could be used in future studies
as a proxy for the premorbid status of
the spinal cord, because stability across
time is a prerequisite for such use.

Because it is usually done in other cervi-

cal cord area measurement methods,"

we considered more appropriated to cal-

culate the mean area over several sec-
tions instead of only in 1 section. An

increase in the number of sections used
would reduce the variability of the mea-
surement, but in the case of the spinal
A canal, variability could increase because

sections may cover a region where the

C D Brain MRI (Baseline)

Cervical Cord MRI (Baseline) D Cervical cord MRI (Follow-up)
D Brain MRI (Follow-up)

canal area physiologically increases to-
ward the foramen magnum. To check

FIG 2. CCaA masks obtained with the proposed pipeline (green) versus the manual segmen-
tation (red) in a patient with MS. A, Spinal MRI acquisition shows a Dice similarity coeffi-
cient of 0.92. B, Brain MRI acquisition shows a Dice similarity coefficient of 0.88. C,
Distribution of Dice similarity coefficients between CCaA masks from the in-house pipeline
and the GT across the 4 acquisitions, both in HC and patients with MS.

used to estimate the CCaA (Fig 3). However, the Bland-Altman
method showed a better agreement with CCaA estimations of 17
and 11 slices, than with those obtained with 5 slices (Fig 4). When
analyzing absolute means, we found minimal-but-significant

4 Mongay-Ochoa @ 2023 www.ajnr.org

what number of sections would provide
the best compromise, we calculated ICCs
using CCaA estimations with the SCT
across 5, 7, and 11 slices centered at the
midpoint of the C2-C3 vertebral disc.
The study showed a good level of con-
cordance between time points, obtaining
the highest individual ICC when using 11 and 17 slices for the anal-
ysis, compared with 5 slices. We considered that differences in the
ICC between the number of slices are related to minor inaccuracies
in subject repositioning; hence, the lower the number of slices used
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CCaA (Cervical MRI): Baseline vs Follow-up

CCaA: Brain vs Cervical MRIs

ICC

B individual IcC
average ICC

5 slices 11 slices 17 slices

5 slices 11slices 17 slices

FIG 3. Representation of individual ICC (blue) and average (yellow) ICCs, calculated in 5, 11, and 17 slices. On the left, the ICC between baseline
and follow-up cervical MRIs. On the right, degree of concordance of the CCaA analyzed in brain and cervical acquisitions.
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FIG 4. Bland-Altman plots showing the agreement between CCaA estimations assessed in different numbers of slices. On the left, the agree-
ment between baseline and follow-up cervical cord MRI is shown; on the right, between brain and cervical cord MRIs. Notice that the x-axis
scale of the plot analyzing CCaA estimations on 5 slices is larger than the others.

to calculate the CCaA, the greater the variability found among
patients.

Despite the spinal cord being located in the periphery of the
FOV on brain TIWI, where gradient nonlinearity distortion
effects are substantial,'” it has already been proved that it is pos-
sible to reliably measure the cervical cord area using brain

acquisitions."* Therefore, we tested the robustness of CCaA
estimations obtained from brain and spine scans, obtaining
good agreement between them. Similar ICC values across the
different numbers of slices used to calculate the CCaA may be
because no repositioning is needed between brain and spine
acquisitions.
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Overall, ICCs obtained were lower than those reported in
other validation studies.">"* A possible explanation might be that
the individual ICC has been reported instead of the average,
which tends to minimize variations and provides higher ICCs.
Moreover, although the degree of agreement between CCaA
estimations from brain and cervical MRIs was not excellent and
there were significant differences between both measurements,
the mean difference was inferior to 3 mm” in the paired f test
analysis. Therefore, results seem to suggest that brain CCaA
estimations might be considered when dedicated cervical
sequences are not available, though both acquisitions may not
be fully interchangeable when analyzing the CCaA of a single
subject, possibly because the cervical canal is differently located
in the FOV of cervical cord and brain TIWIs. Because the in-
house pipeline failed in 3 subjects when using 17 slices, it might
be advisable to use the 11-slice approach, which provides similar
reproducibility parameters.

Several limitations should be mentioned. First, the sample size
is small and could explain the range of ICCs obtained. Second,
our pipeline includes manual labeling of the C2-C3 intervertebral
disc, which may be a limiting factor when dealing with large
cohorts because it clearly increases processing time. Third, we
performed the image acquisition with the same scanner and posi-
tioning protocol; therefore, we have not tested the pipeline under
other conditions. Finally, we adjusted measurements by age and
sex, but not height, because normalization using anthropometric
parameters still remains controversial.'>'®

CONCLUSIONS

This study validates a new semiautomated algorithm to estimate
the CCaA based on the SCT. An excellent agreement was obtained
between the manual segmentations and those provided by the
pipeline. We used this algorithm to demonstrate the consistency
of CCaA measurements across time, showing no changes during a
1-year period. Finally, results suggested that brain CCaA estima-
tions might be considered when dedicated cervical sequences are
not available.
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Meithods: In this monocentric retrospective study, we performed
manual lesion delineation on SC MRI with full sagittal and axial
coverage in people between 18 and 60 years of age with relapsing-
remitting MS and clinical follow-up data of five years. The first
CDA event after bassline, determined by a sustained increase in
the Expanded Disability Status Scale (EDSS) over six months, was
classified as either PIRA or RAW. SC lasion param eters wers com-
pared between groups with and without CDA as well as between
patients with RAW and patienis with PIRA . The prognostic values
of SCLN and SCIV were assessed via receiver operating charac-
teristic curves and their respective areas under the curve.

Resulrs: 204 patients were included, 148 of which had at least
one SC lesion and 59 experienced CDA. Patients without any SC
lesions experienced significantly less CDA (OR = 5.8, p =
0.001). SCLN and SCLV were closely comelated (r, = 0.91, p <
0.001) and were both significantly associated with CDA on fol-
low-up (p < 0.001). Subgroup analyses confirmed this associa-
tion for patients with PIRA on CDA (34 events, p < 0.001 for
both SC lesion measures) but not for RAW (25 events, p = 0.077
and p = 0.22).

Coneclusion: Patients without any SC lesions are notably less
likely to experience CDA. Both the nomber and volume of SC
lesions on MRI are associated with future accumulation of disa-
bility largely independent of relapses.
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Introduction: Our recent work demonstrated that the cervical
canal area {CCad ), a potential proxy of the spinal cord reserve, is
associated to disability, measured by the Patient Determined
Disease steps (PDDS) in patents with MS.

Objectives/Aims: The main objectives of the present study are: 1)
to compare CCaA between healthy controls (HC) and different
MSE phenotypes, and ii) to test the association between the CCaA
and disability, measured by the Expanded Disability Stats Scale
(EDSS).

Methods: Clinical and MRI data were obtained at 9 European
sites (Magnims.eu) from 177 HC and 428 MS patients (289
relapsing MS, and 139 progressive MS), recruited between 2010
and 2016, The CCaA in each subject was measured in a sagittal
3D Tl-weighted scan covering the entire cervical cord wsing our
walidated in-house pipeline based on the Spinal Cord Toolbox.
CCaA was estimated as the mean cross-sectional area ower 11
slices centred on the C2-C3 intervertebral disc. A coefficient of
wvariation (CV ) was then calculated for each measurement, remaor-
ing those subjects displaying a CV=0.073. Afterwards, a visual
quality check of all segmentations was performed. Multivariable
regression models adjusted for age and sex were used to evaluate
mean CCaA differences between groups, and to study the associa-
tion between EDSS and CCaA.

Resulres: After quality control, the final cohort comprised 135 HC
and 304 MS patients. When comparing the CCaA batwesn gronps,
there were no significant differences between HC and relapsing
MS 214.62mm2 vs. 213.68mm2, p=0.40), but progressive MS
showed significantly lower CCad (214.62mm2 vs. 210.51mm2,
p=0.007). There was a significant correlation betwesn CCaA and
EDSS (Spearman's rho -0.19, p=000T7), also when adjustad by age
and sex (B=—0.11; p=0.023 ).

Conclusion: No differences in CCaA were obsarved betw een HC
and relapsing MS patients, a prerequisite to consider CCaA a valid
proxy of spinal cord reserve. However, progressive patients dis-
played a lower CCaA, suggesting that a lower spinal cord reserve
might be a feature of progressive MS phenotype. Owverall, CCad
is related to EDSS, confirming the existence of spinal cord
Teserve.
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FUNDACION PUBLICA ANDALUZA PARA LA
CM21/00021 Grupo Habitual LOPEZ RUIZ, ROCIO GESTION DE LA INVESTIGACION EN SALUD DE G41918830 |HOSPITAL VIRGEN MACARENA [ANDALUCIA
SEVILLA
INSTITUTO DE INVESTIGACIONES BIOMEDICAS INSTITUTO DE INVESTIGACIONES o HOSPITAL CLINICO Y
GM21/00024. | Grypa Hablal FALGAS MARTINEZ.NEUS | 5|,GUST Pl | SUNYER (IDIBAPS) QS5858414G |50 EDICAS AUGUST PI | SUNYER (DIBAPS) | CATALUNA PROVINCIAL DE BARCELONA
RUBIN DE CELIX VARGAS, | FUNDACION INVESTIGACION BIOMEDICA INSTITUTO DE INVESTIGACION BIOMEDICA
aa1o002s; |Snipatisohul CRISTINA HOSPITAL DE LA PRINCESA GB3727081 | GSPITAL UNIVERSITARIO DE LA PRINCESA | MAPRID ROSRIHDeLAPRNCESS
COMPLEJO HOSPITALARIO DE
FUNDACION PARA LA INVESTIGACION DE INSTITUTO DE INVESTIGACION BIOMEDICA DE
CM21/00027 | Grupo Hablual MOLINA RaMOS, ANA ISABEL | SICINA Y SALUD (Fivasis) | ©29830643 | e  Cenaay ANDALUCIA ESPECIALIDADES VIRGEN DE LA
" RODRIGUEZ CALLE, FUNDACION INVESTIGACION BIOMEDICA
CM21/00028 Grupo Habitual CARMEN HOSPITAL RAMON Y CAJAL G83726984 |HOSPITAL RAMON Y CAJAL MADRID
FUNDACION INVESTIGACION BIOMEDICA FUNDACION INVESTIGACION
CM21/00030  |Grupo Habitual MARCELO CALVO, CRISTINA [ JEBTE 0N T 683727057 |HOSPITAL LA PAZ MADRID O R A oS TA Teas
FUNDACION INSTITUTO HOSPITAL DEL MAR DE INSTITUTO HOSPITAL DEL MAR DE ~
CM21/00033 | Grupo Habtual GUINART MULERO. DANIEL |0 e e MEDICAS (FIM) 860072253 |10 CIONES MEDICAS (MINY) CATALURA HOSPITAL DEL MAR
OTERINO MANZANAS, FUNDACION INSTITUTO DE ESTUDIOS DE INSTITUTO DE INVESTIGACION BIOMEDICA DE HOSPITAL UNIVERSITARIO DE
CM21/00034 (Gripo.Habiual ARMANDO CIENCIAS DE LA SALUD DE CASTILLAY LEON 42152400, SALAMANCA (IBSAL) CASTILLAYLEON SALAMANCA
FUNDACION INSTITUTO DE INVESTIGACION INSTITUTO DE INVESTIGACION SANITARIA HOSPITAL CLINICO
CM21/00035 | Grupo Hablual MORTE ROMEA, ELENA AN By A RA R 99426132 ST O ARAGON e
Grupos dirigidos por FUNDACION PARA LA INV. INNOVACION
CM21/00036  |investigadorss nacidos en | = TOMORENO PFEIFER. |5 01eniA H. U. INFANTA LEONOR- H. U. DEL | 688098678 [HOSPITAL UNIVERSITARIO INFANTALEONOR ~[MADRID
1976 o posterior SURESTE
ALEMANY MARTI, -
CM21/00038 | Grupo Habitual O RAT FUNDACION IDIBELL 658863317 |HOSPITAL DE BELLVITGE CATALURA
Grupos dirigidos por
CM21/00041  [invest nacidos en | JUANOLAMAYOS, EDUARD  |FUNDACION INSTITUTOINV GERMANS TRIAS| | 50305462 |HOSPITAL GERMANS TRIAS | PUJOL CATALURA
1976 o posterior
FUNDACION PARA EL FOMENTO DE LA INV. e
CM21/00042 | Grupo Habitual SALAZAR LEON, JUAN DIEGO| SANITARIA Y BIOMEDICA DE LA COMUNIDAD | G98073760 [HOSPITAL DOCTOR PESET oM ki
VALENCIANA (FISABIO)
Grupos dirigidos por ;
) 3 INSTITUTO DE INVESTIGACIONES BIOMEDICAS INSTITUTO DE INVESTIGACIONES s HOSPITAL CLINICO Y
CM21/00043 ':;;;?;:::::r"c"‘“ en | RUANO ZARAGOZA MARIA | ,csT Pl | SUNYER (IDIBAPS) Q5856414 |50 EDICAS AUGUST PI | SUNYER (DIBAPS) | CATALUNA PROVINCIAL DE BARCELONA
CM21/00047 Grupo Habitual é\:BEIR.E’;‘.iA ALONSQ, FUNDACION IDIBELL G58863317 |HOSPITAL DE BELLVITGE CATALUNA
(Grupos dirigidos por
7 % FUNDACION PARA LA INVESTIGACION DEL INSTITUTO DE INVESTIGACION SANITARIA COM.
CM21/0004  [investigadores nacidos en | BUESA LORENZO, JuLia [ FINDACION PAR Goroe7ss7 |NSTIVTO DE N e Nciana  |HOSPTALLAFE
1976 o posterior
FUNDACION PUBLICA ANDALUZA PARA LA
CM21/00051  [Grupo Habitual MUNOZ DELGADO, LAURA | GESTION DE LA INVESTIGACION EN SALUD DE | G41918830 |INSTITUTO DE BIOMEDICINA DE SEVILLA- IBIS |ANDALUCIA HOSEIEA UNIERSITABIO
et VIRGEN DEL ROCIO
IB-SANT PAU. INSTITUTO DE INVESTIGACION IIB-SANT PAU. INSTITUTO DE INVESTIGACION . HOSPITAL DE LA SANTA CRUZ Y
GMe 100057, | CripaHabliel CARBAYO VIEJO, ALVARO | |i6spiTAL SANTA CRUZ Y SAN PABLO GBO136934 ||/ 5SPITAL SANTA CRUZ Y SAN PABLO CATALINA SAN PABLO
BENITEZ QUINTANILLA, INSTITUTO DE INVESTIGACIONES BIOMEDICAS INSTITUTO DE INVESTIGACIONES 5 HOSPITAL CLINICO Y
ON2TI0005S GrupaHeDKIN LETICIA AUGUST PI | SUNYER (IDIBAPS) aseseAe BIOMEDICAS AUGUST PI | SUNYER (IDIBAPS) CATAEUNA PROVINCIAL DE BARCELONA
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